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The EU landfill directive requires the amount of wastes going to landfills to be reduced signifi-
cantly in compliance with the sustainable waste management principles. However, the disposal
has been and will continue to play a significant role, and the overall aim is an improved design
and operation of the landfill sites, and reduction of their negative environmental impact towards
sustainable landfilling. Waste has been recognised by other researchers as the primary structural
element in landfills; therefore for better understanding of its behaviour, the physical and engi-
neering properties of its components must be well known. The main aspect of this research was
focused on investigation of particle compressibility and its effect on the overall compressibility
and settlement of the waste body. A methodology to measure particle compressibility in satu-
rated conditions at various stress levels was developed, using synthetic deformable materials and
mechanically-biologically treated (MBT) waste. MBT waste sample with particle size reduced to
9 mm showed a response to loading similar to soils, hence soil mechanics principles will be appli-
cable. Simultaneously, a categorisation of different types of pre-treated wastes was carried out by
some of their physical and geometrical properties. The results were interconnected into a newly
developed waste classification system, which allowed an assessment and comparison of their geo-
mechanical and flow properties, and predict to some extent their future behaviour in landfills.
About a third of the MBT samples by mass comprised a matrix (fine material of <5 mm) into
which the larger particles were embedded. The large 2D elements (mainly presented by plastics,
glass and metal foils) will play an important role for stability and flow transportation, taking
about 25% by mass. On one hand, they will have a reinforcing effect but on the other, they will
modify, divert, or impede the flow paths in the waste which may result in reduced permeability
or preferential flows. Highly compressible synthetic materials were also used to simulate the
deformable materials in landfills (such as hollow 3D elements). They tend to embed into each
other and form a horizontal highly dense structure which reduces significantly or completely the
volume of voids. In large scale, this will lead to modified or blocked the flow paths and hence
reduce the flow rates and impede the flushing of contaminants in landfills. Compressible particles
reach their maximum compressibility at certain stress thresholds and progressively change their
shape from 3D compressible to 2D incompressible. At the end of the study, a simplified phase
relationship model was suggested, considering changes in the solid phase due to both particle
compressibility and decomposition. The applicability of the conventional effective stress theory
on highly compressible materials was questioned as well.
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Chapter 1
Introduction
The EU landfill directive (EC, 1999) requires the amount of wastes going to land-
fills to be reduced significantly. This is in compliance with the sustainable waste
management principles defined by the waste hierarchy (Figure1.1), where waste
prevention is the most preferred option and disposal is the least preferred (CEC,
1993). The waste strategy for England (Defra, 2007) sets targets to reduce the
amount of household waste “not reused, recycled or composted” by 29% in 2010
and 45% in 2020, compared to 2000 when it accounted about 2.2 million tonnes.
Nevertheless, landfilling has been and will continue to play a significant role in the
waste management in the UK and worldwide. For that, there are requirements to
Disposal
Energy 
recovery
Recycle / Compost
Re-Use
Waste Prevention
Figure 1.1: Waste hierarchy
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be fulfilled in order to improve the design and management of the existing landfill
sites and reduce their negative environmental impact. By definition, a sustainable
landfill must not pose a threat to human health and the environment; no unac-
ceptable emissions should be released so that the future use of resources should
not be compromised; the burden of after-care and monitoring should not be passed
to the next generation; and stable, non-polluting state should be reached in ap-
proximately one generation—30–50 years (IWM, 1999). In order to achieve these
requirements and improved management and control on the landfill systems, is es-
sential to have better understanding about the processes occurring in landfills and
the mechanisms controlling them. On one hand, the knowledge about pre-landfill
directive waste bodies (buried without pre-treatment, before the EU landfill direc-
tive came into force) need to be updated for improvement of the existing long-term
conceptual models. On the other hand, post-landfill directive wastes will differ by
some engineering properties from the untreated wastes and this is certainly go-
ing to modify the behaviour of the entire waste body in landfills (Archer et al.,
2005; Velkushanova et al., 2009; Hall et al., 2006a). The waste pre-treatment is
a relatively new process and further research work is required to establish the
magnitude of the properties changes and provide data for development of con-
ceptual models for the new post-directive landfills, regarding settlement, stability,
structure changes and permeability, which are crucial for achieving the targets of
sustainable landfilling Hall et al. (2006a,b, 2007).
Dixon and Langer (2006) suggested that waste is the “largest structural element
in a landfill” and to ensure stability, the physical and engineering properties of
the waste components must be well known. They summarised the previous work
of other researchers (Siegel et al., 1990; Landva and Clark, 1990; Grisolia et al.,
1995; Ko¨lsch, 1995; Thomas et al., 1999) and proposed a framework for a unified
geotechnical classification system for MSW allowing a comparability between the
properties of wastes with different morphology and age, and a prediction of the
refuse behaviour in landfills. The framework includes physical properties such as
particle size, material type and shape, some mechanical properties (compressibil-
ity, shear and tensile strength) and biodegradability of wastes. It was identified
the importance of future research on the compressibility behaviour of individual
waste components. The compressible solids were described as three dimensional
hollow, bulky particles that will squash or crush under applied overburden stress.
Although the classification system suggested by Dixon and Langer (2006) is an im-
portant step forward for improved prediction and management of the waste bodies
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in landfills, in the last decade the legislation system in England has been signifi-
cantly modified and since 2006 much waste has been mechanically and biologically
pre-treated (MBT) prior to disposal (EC, 1999; Defra, 2007). Inevitably this will
cause changes in the composition, properties and the amount of wastes going to
landfills and these changes will probably alter the MBT waste geotechnical prop-
erties (Velkushanova et al., 2009): bulky and hollow items, including compressible
particles and large reinforcing elements, will be removed or eliminated and the
particle size reduced in the mechanical stage; in the biological stage the organic
content would be reduced by intensive degradation. The overall effect after dis-
posal might be modified waste settlement and flow behaviour, a reduction of the
landfill stability (Fernando et al., 2009) and reduced emissions of methane from
the MBT residue which will not be at a sufficient rate to make it economically
worthwhile to capture and use the gas for electricity generation (Siddiqui et al.,
2009). Other pre-treatment processes such as incineration will also result in mod-
ifications in the properties of the residue— bottom incinerator ash (IBA), where
the organic matter will be completely eliminated. Currently there is no such a
comprehensive characterisation system for pre-treated wastes, particularly MBT,
and there is a dearth of knowledge in this field.
Coming back to the concept for improved landfill management, Morris and Woods
(1990) recognised settlement as one of the most significant engineering problems,
based on its large magnitude and the long-term time taken for completion. Settle-
ment in landfills is usually divided into three main stages, controlled by different
mechanisms: i) initial compression; ii) primary settlement ; and iii) secondary
settlement. Initial compression and primary settlement comprise up to 30% of
the total settlement and are usually completed in less than a month (Morris and
Woods, 1990). The secondary settlement takes up to several years and it may
result in up to a 40% reduction of the initial waste thickness (El-Fadel et al.,
1999). Although the primary and secondary settlement have been well investi-
gated by other researchers, usually there is not much information from field and
experimental measurements about the immediate compression as this process is
almost instantaneous (Wall and Zeiss, 1995). Depending on the waste composition
and placement activities, the initial compression could be significant and for that
reason it should not be underestimated.
Usually, principles of conventional soil mechanics have been applied for assessment
of the settlement and the compressibility in municipal solid wastes (MSW) as those
two materials have been considered as similar. Although justified to some extent,
as both soil and waste could be seen as three phase porous media (comprised of
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liquid, gas and solid), in many cases this approach could result in large differences
between the estimated and the real settlement in MSW. This could be attributed
mainly to the fact that the solid phase in soils is usually considered as incom-
pressible, except for particular cases (organic soils—peat and calcareous sands,
Coop and Atkinson (1993)). The settlement in soils under applied stress, is due
to the rearrangement of the solid matrix within the void space after dissipation
of pore water in saturated and/or compression or expulsion of air in unsaturated
conditions, while the volume of solid phase remains constant. In wastes, the phase
relationships will be more complex— together with the conventional soil mechanics
mechanisms, some of the solid particles will be compressible (hollow items) and
will reduce their volume under the overburden stress of additional daily layers.
At the same time, a part of the solids will be decomposable (organic) which will
also result in a volume reduction. Even though the decomposition of MSW has
been investigated by various researchers, there is a very little information about
the compressibility of individual solid particles and their overall effect on waste
settlement and compressibility. Considering that one of the main mechanisms con-
trolling the first and to certain extend the second stage of settlement in landfills is
the particle compressibility (Powrie et al., 2009), the necessity of more profound
knowledge in this field was further emphasised. Furthermore, Shariatmadari et al.
(2009) stated that if the particle compressibility is ignored, this may cause an
overestimation of the long term shear strength of up to 50%. In addition to this,
the effective stress theory application on highly compressible materials such as
waste was also a matter of consideration (Powrie et al., 1999, 2009; Shariatmadari
et al., 2009) and needs further development and justification.
During the PhD research programme, a comparative characterisation of two dif-
ferent types of MBT waste was initially carried out to describe and compare some
of their physical and geo-mechanical properties, based partially on Dixon and
Langer (2006). The experimental results were then interconnected by means of a
newly developed waste classification system of pre-treated wastes aiming to pre-
dict, to some extent their future behaviour in landfills, which will be different
than for untreated MSW. At a later stage, other types of pre-treated residues,
such as IBA and shredded old MSW, were also categorised and the already de-
veloped classification system was also applied successfully for primary assessment
of their future geo-mechanical behaviour. In addition to the characterisation of
pre-treated wastes, the PhD work focused on investigation of the mechanical be-
haviour of compressible particles and mechanisms controlling their volume changes
under applied stress, as this information was crucial for improved understanding
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of settlement mechanisms in landfills and long-term phase relationship changes.
A testing methodology for measuring the compressibility of solid particles was de-
veloped and applied to synthetic compressible materials and MBT wastes using
a Rowe consolidation cell. The synthetic compressible materials were small scale
representatives of typical compressible elements in untreated MSW and the ho-
mogeneity and the purity of the samples were additional advantages of their use.
The compressibility mechanisms of the solid particles as a function of increasing
effective stress and pore water pressure (PWP) were also investigated. A new
phase relationships model was developed, upgrading previous research work by
others. The model shows changes in solid phase caused by both particle compress-
ibility and decomposition, which was not addressed previously. At the end of the
study, the validation of effective stress theory for highly compressible materials
was reconsidered and discussed.
Two main aims were followed during the research study:
1. Better understanding of the nature of pre-treated wastes, particularly MBT,
and provide with more detailed knowledge about their geotechnical be-
haviour;
2. Investigation of the compressibility behaviour of typical deformable materials
and their influence on the settlement and structure changes in landfills under
stress.
In compliance with the aims of the study, a number of research objectives were
followed:
• Develop of a unified and simplified waste classification framework suitable
for pre-treated types of waste (MBT, IBA, shredded old MSW), based on
and expanding previous studies, incorporating flow behaviour and changes
in structure;
• Develop of testing methodology for distinguished measurement of solid and
void volume reduction (compressibility) under applied stress;
• Determine the mechanisms of particle compressibility (e.g. crushing, col-
lapsing) under applied stress;
• Determine how the compressibility of typical deformable waste particles is
affected by pore water pressure and effective stress;
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• Determine what is the effect of particle compressibility on the settlement
behaviour and structure changes of wastes;
• Determine what the compressibility of solid particles of MBT waste is and
incorporate these results in the classification framework;
• Establish how the theory of effective stress applies to highly compressible
materials.
• Propose a new model showing the phase relationships in wastes and their
changes due to particle compressibility and decomposition
The research work was a part of two EPSRC research grants: EP/E041965/1:
“Science and strategies for the long-term management and remediation of land-
fills”, and EP/E00654X/1: “Mechanics and settlement of post-landfill directive
residual waste”. The aims and objectives of the PhD research were established in
accordance with the projects scopes.
Outline of chapters:
Chapter 1 provides a brief summary of the research field background, and sum-
marises the aims and objectives of the undertaken research work.
Chapter 2 includes a literature review describing the main geotechnical principles
usually applied for waste behaviour prediction in landfills, some of the available to
date characterisation systems for waste are summarised and the gaps in knowledge
from the literature available to date were identified.
Chapter 3 describes the methodology followed for comparative characterisation of
four different waste residues (UK MBT, German MBT, IBA and shredded MSW)
and summarises the results of the analyses. A simplified waste characterisation
framework for pre-treated wastes is suggested, including implications of their fu-
ture mechanical and flow behaviour.
Chapter 4 describes the investigation of particle compressibility, carried out on syn-
thetic compressible materials—expanded polystyrene beads and ping pong balls,
and MBT residues, using a Rowe compression cell. The effect of particle com-
pressibility on the overall compressibility and settlement behaviour, and their im-
plications on structure changes and permeability of the waste bodies is discussed.
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Chapter 5 presents a new phase relationship model for MSW, considering changes
of solid phase due to particle compressibility and decomposition. The partial inval-
idation of the conventional effective stress on compressible materials is discussed
as well, using some of the Rowe cell experimental results from Chapter 4.
Chapter 6 summarises the major findings and conclusions from the PhD research
studies, as well as implications and recommendations for future work.

Chapter 2
Literature review
2.1 Introduction
This chapter summarises some of the geotechnical principles for soils, usually ap-
plied in studies of waste behaviour in landfills and identifies the gaps in knowledge
from the literature available up to date. It is focussed on the mechanisms of set-
tlement and the changes in phase relationships of municipal solid wastes (MSW)
at different times and stress factors. A key point is the compressibility (volume
change) of solid waste particles which occurs in response to increasing effective
stress and pore water pressure, which normally is not considered in the conven-
tional soil mechanics. Some of the available characterisation systems for wastes
are also critically reviewed and the need of further research is emphasised.
2.2 Geotechnical principles of 1D compression
and settlement in soils
2.2.1 1D compression and consolidation
One dimensional compression with deformation in the direction of loading only
has a particular significance in soil mechanics (Powrie, 2004). If a saturated soil is
of low permeability, the application of a vertical load results initially in an increase
of the pore water pressure which gives rise to a hydraulic gradient and as a result
the pore water flows out and the soil deforms. As the water flows out, the pore
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water pressures gradually return to their equilibrium values, after which no further
deformation takes place. The time-related process of soil deformation due to the
dissipation of non-equilibrium pore water pressures is described as consolidation.
The term compression is used more generally to describe changes in the volume
due to changes in the effective stress, without reference to the time scale over
which they occur. These processes are different from i) compaction, which is the
expulsion of air from the soil by application of stress and ii) immediate or un-
drained settlement which is the deformation of a soil under applied stress without
any volume change taking place (Barnes, 2000).
2.2.2 Effective stress
In a saturated soil, when a vertical load is applied, the component carried by
the soil skeleton is the effective stress, σ′, which controls the volume change and
strength of the soil. The expression for effective stress was introduced for the first
time by Terzaghi (1936) and is valid for saturated soils:
σ′ = σ − u (2.1)
where σ is the total normal stress and u is the pore water pressure. Equation 2.1
can be written in incremental form as:
∆σ′ν = ∆σν −∆u (2.2)
where ∆σ′ν is the change in vertical effective stress, ∆σν is the change in the total
stress and ∆u is the change in the pore water pressure.
2.2.3 Settlement
The total settlement in a saturated soil (ρt) is equal to:
ρt = ρi + ρc (2.3)
where ρi is the immediate undrained settlement as a result of shear without volume
change; and ρc is the long-term settlement due to consolidation Powrie (2004).
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Figure 2.1: Phase relationships in soils, after Lambe and Whitman (1969)
2.2.4 Phase relationships
The soil could be a two-phase material when fully saturated or a three-phase ma-
terial when unsaturated, comprising of: a solid phase (soil grains), liquid phase
(pore water) and gas phase (pore air), Figure 2.1. The solid particles often form
connections with each other which is usually called soil matrix or skeleton. Under
1D compression the solid phase volume remains constant and the particles rear-
range only; the voids space will be subject to reduction due to compression of the
gas phase and expulsion of the gas and liquid phase, Figure 2.2.
2.2.5 Mechanisms of settlement under 1D compression and
related geotechnical parameters
2.2.5.1 Void ratio
As previously mentioned, the settlement of soils, as a result of vertical load, occurs
due to changes in the volume of voids since the solid particles are considered to
be incompressible and they can only rearrange and experience shape distortion.
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The correlation of volume of voids (VV ) to volume of solids (VS) is defined as void
ratio, e:
e =
VV
VS
(2.4)
The rearrangement of the solid particles as a result of loading is irrecoverable but
they may restore their initial shape on unloading, indicated as a rebound (r) (Fig-
ure 2.3). If the same load increment is applied again (reloading), the settlement
will be equal to the rebound due to particle distortion only; nevertheless, if a
higher load increment is applied, further rearrangement of solids will take place.
2.2.5.2 Specific volume and one-dimensional normal compression line
In conventional soil mechanics, a graphical representation of the loading-unloading
stages is given by the normal compression line for one-dimensional compression
(1-d ncl). It represents the correlation between the specific volume (the actual
volume occupied by a unit volume of soil solids), ν, and logarithm of vertical
effective stress, σ′ν , as shown in Figure 2.4. The specific volume, ν, represents the
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Figure 2.3: Mechanisms of settlement in soils, after Powrie (2004): a) load is
not applied and the balls are loosely packed; b) load is applied and settlement,
ρ, is occurring due to particle rearrangement and particle distortion; c) on
unloading, particle rearrangement is irrecoverable but there is a rebound, r, of
the solid particles.
ratio of the total volume (VT ) to the volume of solids (VS) from where:
ν =
VT
VS
=
VS + VV
VS
= 1 + e (2.5)
2.2.5.3 Porosity
The porosity, n, is defined as the volume of voids (VV ) per unit total volume (VT ):
n =
VV
VT
=
VV
VS + VV
=
e
1 + e
=
ν − 1
ν
(2.6)
The values of void ratio, specific volume and porosity depend on the packaging of
the waste particles—e.g. dense or loose.
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2.2.5.4 Saturation ratio
The saturation ratio (S or Sr) is the ratio of the volume of water (VW ) to the
volume of voids (VV ):
Sr =
VW
VV
(2.7)
The saturation ratio lies in the range of 0 ≤ Sr ≤ 1. If the soil is dry, Sr = 0;
when the soil is fully saturated, Sr = 1.
2.2.5.5 Water content
The water content (or moisture content), w, is the ratio of water in soil and can
be expressed as:
Gravimetric water content: the ratio mass of water(mw) to mass of solids
(ms):
w =
mw
ms
(2.8)
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Volumetric water content: the ratio volume of water to total volume of the
sample.
θ =
VW
VT
(2.9)
2.2.5.6 Bulk density
This is the actual soil density in wet state from:
ρb =
mw +ms
VT
(2.10)
2.2.5.7 Dry density
Dry density, ρd, is the density that the soil would have at the same void ratio but
at zero water content (Powrie, 2004):
ρd =
ms
VT
(2.11)
The units of bulk and dry density are usually (Mg/m3) or (g/cm3).
2.2.5.8 Unit weight
The unit weight in soils, γ, is the weight of a unit volume (kN/m3) and is equal to
γ = g × ρb (2.12)
where ρb is the bulk density (Mg/m
3) and g is the gravitational constant (9.81
m/s2).
The degree of compaction in soils is usually assessed through their dry density or
specific volume reduction.
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2.2.6 Compressibility (volume change) calculations
2.2.6.1 Constrained modulus
The compressibility of soils is usually calculated by the one dimensional modulus
(constrained modulus), E ′
E ′ =
∆σ′ν
∆εν
(2.13)
where ∆σ′ν is the incremental vertical effective stress and εν is the incremental
vertical strain from:
∆εν =
∆h
h0
(2.14)
∆h is the incremental settlement corresponding to the increase in the vertical
effective stress (∆σ′ν) and h0 is the height of the sample at the start of the test.
In one dimensional compression, the volumetric strain, εν , is:
∆εν =
∆VT
VT
(2.15)
Hence:
E ′ =
VT∆σ
′
ν
∆VT
(2.16)
where ∆VT is the change in the volume at incremental vertical effective stress
(∆σ′ν) and the VT is the initial volume.
Clayton et al. (1995) expressed E ′ as:
E ′ =
1
m1
, (2.17)
where m1 is the compressibility of the soil (m
2/kN).
2.2.6.2 Compression index
The compression index (CC) represents the deformation characteristics in soils and
is usually expressed as:
CC =
∆e
∆ log σ′ν
(2.18)
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where ∆e is the change in the void ratio and ∆ log σ′ν is the change in the effective
stress.
2.2.6.3 Effective stress calculations related to the volume changes and
shear strength
According to Skempton (1961), in porous material subjected to an increasing
pressure, the volume is reduced in correlation with the stress increments, given
that the test is drained and the pore pressure is zero:
σ′ + ∆σ′ = V + ∆V (2.19)
The compressibility of this material has been defined as:
−∆V
V
= C ×∆σ′ (2.20)
where σ′ is the initial surrounding pressure and V is the initial total volume; and
∆σ′ and ∆V are respectively the changes at each incremental stage.
Following that, a more rigorous expression of the effective stress in saturated
conditions is given by Skempton (1961):
∆σ′ = ∆σ −
(
1− Cs
C
)
∆u (2.21)
where Cs is the compressibility of the solids as a function of pore water pressure,
and C is the overall compressibility as a function of effective stress:
C =
(∆Vt
Vt
)
∆p′
(2.22)
Cs =
(
∆Vp
Vp
)
∆uw
(2.23)
Skempton (1961) also expanded Terzaghi’s equation for the effective stress appli-
cable for shear strength:
∆σ′ = ∆σ −
(
1− a tan Ψ
tanφ′
)
∆u (2.24)
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Figure 2.5: Contact points between solid particles under effective stress, σ′,
in saturated soils (Skempton, 1961)
where a is the contact area between the particles, ψ is the angle of intrinsic friction
of the solids, φ′ is the angle of shearing resistance (frictional strength), and uw is
the pore water pressure. The contact area ratio, a, is defined by:
a =
As
A
(2.25)
where As is the area of contact between two solid particles and A is the gross area
(Figure 2.5).
For perfect solids which are incompressible, Cs and ψ would be equal to 0. For
soils, the ratio tanψ to tanφ′ is between 0.15–0.25 and the contact area ratio is
small enough to be neglected. Hence, Equation 2.2 would be valid for saturated
soils.
2.3 Mechanisms of settlement and compressibil-
ity in waste
2.3.1 Phases of settlement
The mechanisms of settlement in MSW are a lot more complex than these in
a saturated soils. The main differences come from the larger initial voids space
and waste particle size, in addition to compressibility and decomposition of solids
phase. As a result of the latter, there will be a gas production within the waste
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body, hence larger gas phase within the pore space and a reduction of the satura-
tion ratio.
According to Morris and Woods (1990), settlement is probably the most significant
engineering problem for landfill management due to both its large magnitude and
the long time scales over which it occurs. They divided the waste fill settlement
into three main time-dependant stages, on the basis of which other authors have
also developed their settlement models (Morris and Woods, 1990; Edil et al., 1990;
Wall and Zeiss, 1995; Jessberger et al., 1995; El-Fadel et al., 1999; Marques et al.,
2003; Machado et al., 2010; Chen et al., 2009):
1. Initial mechanical compression—as a result of compaction of void space and
particles under direct application of an external load.
2. Primary settlement—as a result of dissipation of pore water and gas within
the voids under compaction load.
3. Secondary settlement—as a result of creep of the waste structure and biodegra-
dation of the organic matter.
Each stage of settlement is usually related to different settlement mechanisms. The
initial compression is instant, the primary settlement would take usually less than
a month and the secondary compression may take up to several years (Morris and
Woods, 1990). Although the majority of landfill settlement is usually attributed
to the latter stage— up to 40% from the original thickness (El-Fadel et al., 1999),
the first two stages will also have a significant impact— between 5 to 30 % of the
total settlement.
The initial compression has been rarely observed because it happens almost in-
stantaneously (Wall and Zeiss, 1995). Nevertheless, it may take a considerable
part of the overall settlement, depending on various factors such as initial density,
composition, age, organic content, degree of saturation and placement activities.
For that reason, the initial compression should not be underestimated and there is
a need of further research in this field, for improvement of the settlement modelling
and management. Kavazanjian (1999) recognised first the “immediate” volumetric
compression of wastes. They carried out compression tests on dry and wet waste
samples, using a 460 mm oedometer and explained this effect with the relatively
low water content in the tested samples (either dry or at field capacity), probably
by means of air compression in unsaturated conditions. It was also noticed that
specimens with higher organic content demonstrated higher compressibility. At
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the same time, the potential compressibility of the solid particles was not taken
into consideration and this could be one of the dominant mechanisms for imme-
diate compression (Powrie et al., 2009). Hence, there is a need first to establish
further the magnitude of immediate compression with a possible time line and the
influence of particle compressibility on the immediate compression.
2.3.2 Settlement mechanisms in landfills
The factors controlling the landfill settlement are many and often influence each
other: waste composition, initial density or void ratio, content of degradable ma-
terials, operational practices (fill height and time for placement, stress history,
leachate level and fluctuations) and environmental factors, mainly related with
the biodegradation (moisture content, temperature, and gas generation within the
landfill), Edil et al. (1990); Akbulut and Saglamer (2004); Reddy et al. (2009);
Christensen (2011). A large proportion of the MSW at placement will have a high
void ratio and the voids within and between the individual particles will be re-
duced as a result of compaction (Dixon and Jones, 2005). Hence, the mechanisms
of waste settlement can be a lot more complex than in soils.
Many authors (Edil et al., 1990; Fassett et al., 1994; Manassero et al., 1997; El-
Fadel et al., 1999; Marques et al., 2003; Hossain, 2003; Chen et al., 2009) have
tried to distinguish the mechanisms influencing the waste fill settlement, such
as distortion, bending, crushing and reorientation of waste particles, ravelling,
creep, consolidation and decomposition. Bouazza and Van Impe (1998); Bowders
et al. (2000); Shariatmadari et al. (2009) recognised the importance of particle
deformability for the settlement estimations.
Hudson et al. (2004) carried out experiments, using a large scale compression
cell (Beaven, 2000) and described the mechanisms of compressibility in MSW in
response of increasing vertical load:
• Particle slip as a result of particle rearrangement (normal compression line);
• Particle distortion at constant volume (unload-reload lines);
• Particle compression—as a result of breakage, crushing or rupture of hollow
particles (e.g. plastic and glass bottles and cans); liquids or gas trapped
within these elements could be released and this may also apply to absorbent
materials (textiles, paper, etc.).
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Figure 2.6: Schematic conceptual model of deformation mechanisms in land-
fills, after Hudson et al. (2004)
.
• Compression of the pore fluid, which is much more significant for gases than
for liquids.
The overall effect of all of these mechanisms will be a reduction of the total volume.
Hudson et al. (2004) also introduced a conceptual model to derive a numerical re-
lationship between the volumetric water content (wcvol) and the compressive stress
(σ), Figure 2.6. The authors provided with a good description of the waste parti-
cles behaviour at various stress conditions, which will be relevant for estimations
of both immediate compression and primary settlement. However, their descrip-
tion is not complete as secondary settlement mechanisms such as decomposition
of organic solids and creep were not taken into account.
Dixon and Jones (2005) expressed the total settlement, δt as:
δt = δp + δs (2.26)
where δp is primary compression and δs is secondary compression.
Primary compression:
• Physical deformation of particles—distortion, bending, crushing and particle
re-orientation, and;
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• Consolidation—for saturated waste bodies. The physical compression will
occur immediately on application of load and the consolidation will take a
few days to a few weeks. For that, the primary compression is qualified as
a short-term process, taking a few days to a few weeks (probably depending
on the saturation ratio).
Secondary compression:
• Creep—time dependent particle distortion, reorientation and ravelling under
constant stress; and
• Degradation—the main component of secondary compression and total set-
tlement in landfills.
Dixon and Jones (2005) provided a useful and simplified description of the settle-
ment process but they did not distinguish between the mechanisms of immediate
compression and primary settlement, neither did they account for the compressibil-
ity of the pore fluids (air and gas), which could be crucial for accurate estimation
of settlement in landfills.
In Powrie et al. (2009), we suggested the most comprehensive description of the
waste settlement mechanisms so far and related them to the different stages of
settlement:
a. Rearrangement of the solid matrix (sliding, reorientation or distortion of the
particles) with increasing vertical stress as in conventional soil mechanics—
if the waste is not fully saturated, settlement can occur immediately, or in a
number of days in saturated conditions;
b. Compression of the pore fluid— if the waste is partially saturated, the air
or gas between the pores will be highly compressible;
c. Compression or crushing of the waste particles;
d. Breakage of particles with increasing stress or softening of their contacts on
wetting (as a result they loose their strength);
e. Degradation—as a result of decomposition and physico-chemical processes
(corrosion, oxidation);
f. Mechanical creep (continuing settlement at constant effective stress);
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g. Ravelling (migration of finer particles into larger voids).
These mechanisms will influence the three main phases of settlement in a MSW
landfill, as follows:
1. Immediate compression— as a result of expulsion of gas and/or liquids from
the voids or some hollow particles (e.g. plastic bottles and cans). In unsat-
urated waste, it will be as a result of mechanisms a, b, c and d mentioned
above;
2. Primary settlement—due to waste consolidation in saturated conditions—
mechanism a will be dominant, with mechanisms c and d possibly also play-
ing a part;
3. Secondary settlement— due to degradation and creep, as a result of e, f and
g.
The compressibility of solid particles will be dominant during the first stage (im-
mediate compression) and will play a partial role in the second stage (primary
settlement). It was emphasised the need of further research in this field to obtain
the mechanisms of particle compressibility (e.g. crushing, collapsing) at different
stress thresholds and the impact of particle compressibility on immediate com-
pression and total settlement.
Some of the above mentioned settlement mechanisms (particularly a, c and d)
were considered for investigation of the overall and particle compressibility of de-
formable materials during the course of the current research.
2.3.3 Density and unit weight
The refuse will settle significantly under its own and the weight of new layers which
will cause difficulties with the estimation of parameters such as density and unit
weight (Edil et al., 1990). This will be additionally complicated by the placement
of daily soil covers, which will not compress under the overburden stress but their
thickness will reduce up to 25% due to migration of soil particles into larger waste
voids (Morris and Woods, 1990). The density and the unit weight vary significantly
within the waste fills and they will depend on a number of factors (Christensen,
2011; Dixon and Jones, 2005):
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• Waste composition—wastes with greater proportion of denser materials (met-
als, glass, etc.) will have higher unit weight than the ones comprised of less
dense materials (textiles, paper, organics); the initial unit weight would be
mainly dependant on the waste composition;
• Degree of decomposition—the waste composition changes over time due to
degradation which will result in variations in the unit weight;
• Degree of compaction and thickness of the daily cover—the higher com-
paction effort results in an increase of the unit weight;
• Moisture content—the larger the percentage of the liquid in waste, the
greater the bulk unit weight. The moisture content may vary significantly
(10–100%) depending on the organic content and the age of the waste, also
on the composition, landfill operations and design, local climatic conditions
etc.;
• Applied stress—the unit weight increases with depth due to compression and
consolidation.
Therefore, it should be further established what is the effect of particle compress-
ibility on the changes on bulk and dry density at different stress levels. This infor-
mation will additionally support the estimation of settlement, changes in structure
and flow paths in the waste.
2.4 Phase relationships in waste
The mechanisms of void ratio changes in MSW, and indeed the definition of the
void ratio itself, are different and more complex than in soils. Voids in waste will
probably be partly saturated (as a result of the biodegradability of the organic
matter) or fully saturated (at lower levels in the landfill where biodegradation is
already completed). Hence, three phases (solid, liquid and gas) could be distin-
guished in partially saturated layers and two phases (solid and liquid) in fully sat-
urated zones in the landfills. The ratio between the gas and the liquid phases will
probably change significantly with time as a result of biodegradation. Differences
between soil and waste solids will appear due to compressibility and degradation
of waste, which are not usually considered in conventional soil mechanics. The
solids volume change will lead to a deformation of their shape, as a result the void
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ratio and the waste structure may alter and flow paths will be impeded or modi-
fied (Simonini and De Ronch, 2004). A large proportion of the solid matter will
deform, and the ratio between compressible and incompressible components will
vary depending on the age of the waste (Beaven and Powrie, 1995; Powrie et al.,
1999). Dixon and Langer (2006) distinguished between high-compressible, low-
compressible and incompressible components, according to their volume changes
as a result of short-term (e.g. deposition and compaction) and long-term activ-
ities (increasing overburden stress and creep). Placement activities could result
in shearing and crushing of high-compressibility elements but low-compressibility
elements might remain unaffected. The incompressible elements will not deform
even at an overburden stress of approximately 500 kPa corresponding to about 50
m depth in a landfill (Dixon and Jones, 2005; Dixon and Langer, 2006).
McDougall (2007) suggested that volume changes in MSW are too complex to be
analysed using conventional soil mechanics principles, owing to losses in both mass
and volume of the solid phase. A new parameter called “biodegradation-induced
phase changes” was introduced, assuming that if the mass of the solids is reduced
by decomposition, their volume will also reduce and as a result the volume of
voids will increase. From that, the void ratio will raise while the overall volume
may remain unchanged at the expense of the waste matrix which will become
“more skeletal”. Hence, as a result of decomposition and the increasing voids
space, the solid skeleton will become weaker and will eventually collapse under the
increasing overburden stress (McDougall and Pyrah, 2004a). This will result in
settlement so that the skeleton will be more resistant to future loading but if further
decomposition takes place, then the same process will be repeated. The series
of decomposition induced void increases and collapses within the landfill body,
were described as “decomposition-induced volumetric strain” (McDougall et al.,
2004b). The decomposition may also be in a combination with the conventional
rearrangement of particles, resulting in overall settlement. In that case it is possible
that the void ratio stays unchanged.
McDougall and Pyrah (2004a) described waste as a three phase material, consisted
of: solid inert, solid decomposable and voids (Figure 2.7). They suggested that in
the overall volume, changes will be defined by three main factors:
1. Load or creep compression—resulting in a reduction of the volume of voids
(∆VV load)
2. Loss of solids due to decomposition (∆VS)
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Figure 2.7: Phase relationships in decomposable soils, McDougall and Pyrah
(2004a)
3. Change in void volume due to decomposition (∆VV decomp)
It was suggested that the void ratio may change, even though the overall volume
remains constant, which is not normally considered in soil mechanics. Then was
emphasised that the conventional specific volume cannot be applied correctly as an
indicator of the overall volume if the solid phase is decomposable. A new approach
for specific volume calculations was suggested, where a distinction is made between
the inert and decomposable solid fractions. Decomposable to inert ratio:
eid =
VD
VI
(2.27)
Void to inert ratio:
eiv =
VV
VI
(2.28)
where VD is the volume of decomposable solids, VI is the volume of inert solids
and VV is the volume of voids.
From that the authors suggested the following equation for specific volume, of the
solid inert fraction, vi (overall volume of inert, decomposable solid and void phases
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per unit volume of solid inert matter):
νi = 1 + eid + eiv (2.29)
Assuming that the decomposition of the solid phase and the induced change in
the volume of voids are fundamental for their decomposing model (respectively
settlement and strength), McDougall and Pyrah (2004a) introduced a parameter
termed “decomposition-induced void change”, Λ:
∆VV = Λ∆VS (2.30)
From that:
∆e =
Λ
VS
∆VS (2.31)
where ∆VS is the solids volume loss and ∆VV is the induced change in volume of
voids.
The Λ parameter, is an element of a three-part model including load, creep and
biodegradation effects on the landfill settlement. It describes the changes in the
phase composition and compressibility after decomposition, suggesting that to
have an effect on the relative phase volumes, Λ should be either smaller or larger
than the void ratio, so that the latter may either decrease or increase in a result of
decomposition. The lowest limit of Λ is assumed to be –1 as higher negative values
will indicate soil expansion. Some values of Λ, related to the effect on changes in
the void ratio, overall volume and mechanical condition are given in Figure 2.8.
McDougall and Pyrah (2004a), McDougall and Hay (2005), McDougall (2007),
McDougall et al. (2004b) and McDougall et al. (2004) have investigated and pro-
posed new phase relationships in decomposable soil-like materials such as wastes.
Their model considered mainly the effect of decomposition and is mostly suitable
for the long-term prediction of secondary settlement. Particle compressibility has
not been taken into account as a contributor to the landfill settlement and it seems
that their proposed phase relations may not be applicable to compressible parti-
cles. The argument is that when the particles are deformable, they will modify
their volume and probably their shape under increasing overburden stress. As
a result, the volume of voids may be gradually taken by the volume of solids,
along with the conventional rearrangement of the particles. In that context, it
can also be argued that most of the biodegradable particles will be compressible
which could also partially invalidate McDougall’s model. Nevertheless, this phase
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relationship model gives useful theoretical considerations and might be applicable
to compressible solids after being partially modified.
On the other hand, Zhang et al. (2010) presented a phase relationship model for
MSW, which focused mostly on the particle compressibility. The authors devel-
oped the idea suggested earlier by Landva and Clark (1990) to divide the voids
phase into inter- and intra-voids, respectively between and inside the particles
and distinguished between the volumetric change due to compression of parti-
cles (intra-void compression) and particle rearrangement (inter-void compression).
Similarly to McDougall and Pyrah (2004a), Zhang et al. (2010) suggested that the
conventional void ratio from soil mechanics will not be applicable for waste. They
proposed a separate calculation for the inter-void ratio, e, which is similar to the
conventional void ratio and also introduced a new parameter—intra-void ratio, f,
as follows:
e =
VV−inter
VI
(2.32)
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f =
VV−intra
VI
(2.33)
where VI is the total incompressible volume.
It was assumed that the volume of the compressible particles will be “converted”
into incompressible volume which would be constant over a certain threshold stress.
The incompressible volume is calculated from the material density. The specific
volume was then expressed as:
ν = 1 + e+ f (2.34)
From that:
∆ν = ∆e+ ∆f (2.35)
Zhang et al. (2010) suggested that the type of intra-voids (open or closed to the
inter-void space) will have different effects on the void ratio changes, depending if
all of them are open, closed or a combination of both:
1. Closed (e.g. plastic bottles with their caps on)—if all the intra-voids are
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closed, the void ratio will be calculated only from the changes in the inter-
voids (Equation 2.32);
2. Open (e.g. used aluminium cans)—if all the intra-voids are open, the void
ratio will be a sum of both intra- and inter-void ratios (Equation 2.32 and
2.33);
3. Partly open/closed—if a proportion of the intra-voids are open and the rest
of them closed, the void ratio will be calculated from the inter-voids plus the
open intra-voids as a percentage of the overall intra-voids.
Zhang et al. (2010) analysed experimental data from Powrie and Beaven (1999)
in two different scenarios. In the first was assumed that all the intra-voids were
closed, so the total void ratio was equal to the inter-void ratio; in the second
scenario, 30% of the intra-voids were open so the void ratio was calculated as 0.3
times the intra-void ratio plus the inter-void ratio. It discussed that the suggested
MSW phase relationships may not be applicable for 1D compression analyses such
as settlement but suggested that could be beneficial for constitutive models of
MSW as an elasto-plastic material. The phase relationship suggested by Zhang
et al. (2010) could be used for assessing the void ratio changes and hence the
compressibility in waste but needs further development. The authors fitted their
model almost identically with the experimental data from Powrie and Beaven
(1999) but still there are a number of uncertainties. For example, it is not clear
the practical applicability to measure the volume of open and closed intra-voids,
so it should probably be based mainly on assumptions. Zhang et al. (2010) based
their analyses on the hypothesis that 30% of the particles will have intra-voids
open to the inter-voids but this was not justified or referenced to data. Another
important aspect is that the authors did not distinguish between gas/air and liquid
in the voids phase, which will certainly complicate the model.
Referring to the already mentioned description of MSW settlement stages and
mechanisms given by Powrie et al. (2009), the model of Zhang et al. (2010) rep-
resents changes occurring during the first phase (immediate compression) and
partially the second phase (primary settlement). At the same time, the phase
relationship model of McDougall and Pyrah (2004a) represents the secondary set-
tlement, and for future prediction of the long-term landfill behaviour would be
useful if both models were combined for assessment of different settlement stages.
Further research would need to justify this statement and develop a new phase
relationships model, considering the changes in solid phase due to compressibility
and decomposition.
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2.5 Previous studies on solid particles compress-
ibility and effective stress applicability
Up to date there is scarce information about measurements of particle compress-
ibility in MSW. However, the few researchers working in this field attributed the
particle compressibility mainly to pore water pressure justified by Skempton’s the-
ory of effective stress (Equations 2.21 to 2.23). Shariatmadari et al. (2009) carried
out drained and undrained anisotropic deformation tests on MSW and calculated
the particle compressibility using the same equations. They suggested that if the
particle compressibility is ignored, this may cause an overestimation of the long
term shear strength of up to 50%. According to Powrie and Beaven (1999) and
Beaven (2000), the behaviour of unsaturated soil may be a better analogue for a
gassing waste than saturated soil, hence it will depend on two stress parameters:
(σ–ua) and (ua–uw), where σ is the total stress, ua is the pore air pressure, and
uw is the pore water pressure.
Powrie et al. (1999), Beaven (2000) and Hudson et al. (2004) used a purpose built
large waste compression cell (3 m high and 2 m diameter), situated on Pitsea
landfill site, Essex, for experimental investigation of compressibility, settlement
and hydraulic conductivity of MSW under different vertical loads and pore water
pressures. Powrie et al. (1999) found out that at increasing overburden stress, the
waste particles “undergo significant changes” in density, which is in contrast to
conventional soil mechanics. They used the following equation for the effective
stress (from Equation 2.21):
σ′ = σ − Auw (2.36)
where
A = 1− Cs
C
(2.37)
A was reported within the range of 0.19–0.57, depending on the applied stress
stages. The results from the tests are summarized in Table 2.1.
32 Chapter 2 Literature review
Table 2.1: Variation in particle density, particle compressibility and waste
compressibility with applied stress from Powrie et al. (1999)
a) Raw domestic waste
Average stress at end of stage, kPa 34 65 120 241 463
Average particle density, t/m3 0.88 0.97 1.02 1.17 1.30
Average particle compressibility, MPa−1 - 5.38* 1.62 1.85 0.81
Overall compressibility of waste, MPa−1 7.45 3.75 3.76 2.30 1.07
b) Pulverized domestic waste
Average stress at end of stage, kPa 35 68 127 253 486
Average particle density, t/m3 0.59 0.68 0.72 0.78 0.93
Average particle compressibility, MPa−1 - 6.60* 1.65 1.11 1.22*
Overall compressibility of waste, MPa−1 7.29 6.18 4.12 1.45 0.87
c) Aged domestic waste
Average stress at end of stage, kPa 35 67 123 239 458
Average particle density, t/m3 1.64 1.62 1.64 1.69 1.86
Average particle compressibility, MPa−1 - -0.67* 0.36 0.49 0.73*
Overall compressibility of waste, MPa−1 7.38 3.85 2.91 1.57 0.66
The values indicated with an asterisk (*) are reported as an error because it is not possible
for the particle compressibility to be greater than the overall compressibility of the waste, and
unlikely that it is negative.
Hudson et al. (2004) measured the compression of the solid phase as the difference
between the total volume change and the volume of water expelled at loading.
These measurements were based on the assumption that the sample was fully sat-
urated. Although this approach is correct, it should be taken into account that the
saturation of biodegradable MSW is related to complications, such as increasing
gas generation as a result of decomposition. For that, it is possible that the particle
compressibility, calculations by Hudson et al. (2004), also by other authors (Powrie
et al., 1999; Shariatmadari et al., 2009) were partially due to compression of gas
in the voids space. A tendency of reduction in the average particle compressibility
of aged wastes was also observed, attributed to an increasing proportion of inert
materials (e.g. soils or degradation residues) with time.
Later, in Powrie et al. (2009) we defined the particle compressibility as a function
of two parameters: effective stress and pore water pressure:
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1. As a response to the increasing PWP, ∆u:
−∆Vps,u
Vps
=
∆u
K
(2.38)
2. As a response to the increasing effective stress, ∆σ′ν :
−∆Vps,σ
Vps
= A∆σ′ν (2.39)
where −∆Vps,u is the compressibility of particles as a result of increasing pore
pressure ∆u; −∆Vps,σ is the compressibility of particles as a result of ∆σ′ν ; Vps is
the initial volume of particles and K is the bulk modulus. A is the coefficient of
particle compressibility, defined earlier by Powrie et al. (1999).
The total reduction of the solids volume is:
−∆Vps = − (∆Vps,u + ∆Vps,σ) (2.40)
or
−∆Vps
Vps
=
A∆σ′ν + ∆u
K
(2.41)
The compression of gas, trapped within the particles, was expressed using the
previous equation of Hudson et al. (2004) :
∆Vpg
Vpg
=
(p0 + 100)
2
p+ 100
∆p (2.42)
where Vpg is the volume of gas trapped within the particles, p is the pressure of
the gas within the particles (kPa), and p0 is a reference pressure (kPa), at which
the gas volume Vpg is measured.
The pressure of gas within the particles, p, could depend on the effective stress,
∆σ′, the pore liquid pressure, uw, and the pore gas pressure, ug Powrie et al.
(2009). From that:
∆p = B∆σ + C∆uw +D∆ug (2.43)
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2.6 Waste classification systems
To evaluate the changes occurring in the waste geomechanical behaviour with
time, its properties should be well understood and most importantly—systemised
in a way to ensure comparison between MSW with different age, origin, pre-
treatment and geographic regions (Langer et al., 2005) A complete characterisation
of wastes may be very challenging and even impossible in view of the extreme
heterogeneity of the MSW and their variations with time, however knowledge of
“basic behaviour” and key engineering properties will be of significant importance
(Dixon et al., 2008). A waste classification system is essential for development
of a unified waste mechanics framework which will provide better understanding
about the waste fill behaviour as a result of time dependant processes (Dixon and
Langer, 2006).
2.6.1 Classification systems for municipal solid wastes (MSW)
Although classification systems for MSW have been proposed by a number of au-
thors, they often focus on different attributes and generally relate to different types
of waste and in a result, the most of the cases they are incomparable with each
other. There is currently no system that links the mechanical and flow properties
of waste with the structure, i.e. the combination of the geometry and intercon-
nectivity between the pores. Nevertheless, the classification systems suggested by
numerous authors are listed and discussed hereafter.
2.6.1.1 Siegel et al. (1990)
proposed a simple classification system based on material type. They distinguished
a number of categories and reported the minimum and maximum percentages of
each, as well as the moisture content and the dry unit weight.
• metal
• wood
• soil
• paper
• glass
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• rock and brick
• rubber and plastic
• miscellaneous
About 95% by wet mass of their sample was placed in the soil group.
This classification system is too simple—there is no apparent difference between
some of the material groups: the “soil” category takes up to 95% by wet mass
but the nature of that material is not entirely clear (e.g. a degradation residue
or mineral soils from the daily cover); similarly it is not clear what the content
of the “miscellaneous” group is. The materials were not characterised by particle
size and shape, neither were their degradability nor mechanical properties taken
into account. Thus, while giving some information about the waste materials, the
classification system is imprecise and incomplete.
2.6.1.2 Landva and Clark (1990)
placed the emphasis on the degree of degradation, which could cause geotechnical
properties to vary with time. They distinguished between the following classes of
materials:
1. Organic (O)
a. Putrescible (OP): food, garden and animal waste, and materials con-
taminated with these wastes
b. Non- putrescible (ON): paper, wood, textiles, leather, plastic and rub-
ber, paint, oil, grease, chemicals, organic sludge
2. Inorganic (I)
a. Degradable (ID): metals (corrodible)
b. Non-degradable (IN): glass and ceramics, mineral soil and rubble, tail-
ings and slimes, ash, concrete and masonry (construction debris)
Landva and Clark (1990) emphasised the importance of the particle shape in a
combination with some of the material components from the last three categories
(ON, ID and IN) and their possible effect on the geotehchnical behaviour of the
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waste fill: hollow containers (e.g. boxes, cans and bottles); platy or elongated
items (e.g. beams, sheets and plates); and bulky items (e.g. furniture, appliances
and vehicle bodies). They stated that the visual examination alone is not satisfac-
tory for geotechnical classification; it should be enhanced by parameters such as:
water content, organic content, specific gravity and particle size, although they
were not included in their categorization.
The classification system provided by Landva and Clark (1990) is useful but not
complete— they introduced some important criteria such as material type, degrad-
ability and shape, although not very precisely. They carried out tests on unit
weight, permeability and settlement but these properties were not included in
their classification system.
2.6.1.3 Grisolia et al. (1995)
extended the classification proposed by Landva and Clark (1990) and focused on
the effect of each material class on the settlement and strength behaviour of a
landfill. They recognised the importance of the materials deformability for the
entire waste behaviour and adopted three broad categories:
1. Class A—inert, stable elements, unlikely to deform or degrade and their
intrinsic strength and deformability characteristics do not affect the overall
waste behaviour:
• soils
• metals
• glass
• ceramics
• construction debris
• ash
• wood
2. Class B—highly deformable elements which undergo a large initial settlement
due to substantial modification of the initial shape; some of them may exhibit
creep:
• paper
• cardboard
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• textiles
• leather
• plastics and rubber
• tyres
3. Class C—readily biodegradable elements causing volume loss and gas and
leachate production:
• food waste
• garden waste
• animal waste
• undersieve (particles passing a 20 mm sieve).
They also included parameters, such as size, shape and “assortments” and explain
in more details the importance of the water content and dry mass for bulk density
calculations. On the basis of their criteria, the authors plotted data for MSW
from different regions in the United States and City of Rome in ternary diagrams
and related them to the mechanical behaviour, e.g. settlement (Figure 2.10). In
that way a comparison between the properties of different wastes was presented
in a simple manner.
Grisolia et al. (1995) developed a useful classification framework but still there are
some omissions: the importance of particle shape was mentioned but not included
in the framework; there is no clear distinction between the “undersieve” from class
C and the “soil” group from class A, considering that soils could have size of <
20 mm and both groups will overlap partially; the distinction between biodegrad-
able from group C and deformable waste from group B is a bit misleading: the
degradable wastes will be probably highly compressible and should be placed in
both categories.
2.6.1.4 Ko¨lsch (1995)
carried out tensile strength tests on a variety of wastes, showing that fibre-like
materials acted to reinforce the waste mass. Four different types of waste samples
were used: i) fresh waste—untreated, without separation of the organic content;
ii) residual waste—the same as the fresh waste but the organic components were
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Figure 2.10: MSW composition and settlement for some observed landfills
after Grisolia et al. (1995)
separated; iii) rotted 18—pre-treated anaerobically for 18 months; and iv) site—
old, five years old, excavated from a landfill site. The materials of each type of
waste were categorised into three main groups:
1. Material type—only for particles greater than 40 mm:
• paper and cardboard
• smooth synthetics—foil, rubber, leather, textiles
• hard synthetics—plastics, hard leather
• metals
• minerals—glass, ceramics, soil
• wood
• organics—bio-waste, grass and leaves
2. Particle size—fractions were distinguished by sieving:
• < 8 mm
• 8–40 mm
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• 40–120 mm
• > 120 mm Particles from >120 mm fraction were manually separated
into 500 mm and 1000 mm.
3. Dimensionality of particles:
• Zero-dimensional (D0), grain—the finest size fraction—all sides of the
grains are short (i.e. <8 mm);
• One-dimensional (D1), fibres—one side long and two of them short;
• Two-dimensional (D2), foils—flat, with two long sides and one short;
• Three-dimensional (D3), box—three sides long.
• The D0 fraction was reported as comprised by the sizes ≤ 40 mm ex-
clusively.
Ko¨lsch (1995) introduced the most complete criteria in terms of dimensionality
of the waste materials. They compared samples differing by treatment history,
age and organic content which is a step forward to a classification framework
comparable for various types of waste. At the same time, information about the
biodegradability of the wastes was not included in this classification system; also
components with a particle size under 40 mm were not categorised by material
groups which may lead to significant differences when assessing the mechanical
behaviour.
2.6.1.5 Dixon and Langer (2006)
proposed a comprehensive classification system, drawing on the previous work of
other authors mentioned above, in an attempt to create a universal system that
would facilitate the estimation of both compressibility and shear strength. They
summarised the following requirements needed to classify waste:
1. A distinction between the material groups with dominant groupings estab-
lished; information is required on the proportion (e.g., by weight) of different
size components of each material group.
2. Knowledge of component shape to distinguish between soil-like (three dimen-
sional, e.g., granular) and non-soil-like (two dimensional, e.g., sheet) compo-
nents. This allows classification of components in relation to their potential
for influencing mechanical behaviour of the waste mass (e.g. compressibility,
shear and tensile strength).
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3. Grading by size for each group of components.
4. An assessment of component compressibility and hence the potential for com-
ponents to change shape during placement and/or burial.
5. An assessment of degradation potential for both organic and inorganic com-
ponents.
Waste components
Material groups sorting
based on engineering 
properties
Shape related sub-
divisions of each 
material group
Size distribution 
of components
Degradation potential 
assessment of each 
material group
Classification of 
components
Review reinforcing 
sub-division 
based on particle size
Figure 2.11: Procedure and application of the proposed classification frame-
work by Dixon and Langer (2006)
Dixon and Langer (2006) proposed a procedure for waste classification Figure 2.11
and gave details for each element as follows:
1. Material type description
The importance to distinguish major material groups was emphasised due
to the waste components variation; it was also explained that the major
obstacles for comparison between previous studies of different authors on
waste classification was the lack of unified material groups.
2. Mechanical properties of components in the material groups
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It was suggested that the waste components need to be categorised upon
delivery to the landfill due to changes in their mechanical properties, shape
and size, as a result of compaction, overburden stress and decomposition. It
was pointed out that with time some components may change their groups
within the framework. As important mechanical properties were suggested:
• Shear strength
• Tensile strength
• Compressive strength
• Elongation at break
• Modulus of elasticity
Dixon and Langer (2006) indicated the need to be determined the effect of
each material group, in a combination with shape and particle size, on the
waste mechanical properties. In that way long-term predictions of the entire
waste fill behaviour and changes will be possible. Also, it was emphasised
that the suggested categories should be appropriate for every type of waste.
3. Shape-related subdivisions of components
Two main shape-related groups were suggested, using partially the descrip-
tion of Ko¨lsch (1995):
(a) Reinforcing components—one- and two-dimensional, such as sheets of
paper, plastic bags etc.; the size of the reinforcing elements should
exceed the nominal diameter of the surrounding “regularly shaped”
three-dimensional particles (matrix).
(b) Three-dimensional
i. Compressible components:
• High compressibility (e.g. putrecible materials, plastic packaging)—
they may crush or shear even at deposition;
• Low compressibility (e.g. beverage cans)—they may remain
unchanged before a certain stress threshold;
ii. Incompressible elements (e.g. bricks, pieces of metal)— they will
not compress even subjected to a maximum overburden stress.
Dixon and Langer (2006) emphasised the importance of the compressibil-
ity subdivision for estimation of changes in volume and other mechanical
properties as a result of placement activities and overburden stress. It was
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stressed on the importance of distinguishing between high- and low com-
pressible elements for assessment of the short- and long-term behaviour of
the components in response to increasing overburden stress and creep. The
need of further research in that field was also highlighted.
4. Size of components
The information on grading was reported to have a key importance for the
waste classification. The combination of material groups with size grading
would provide essential data about the distribution by mass of the shape-
related sub-divisions. This is useful for estimation of the mass distribution
within the shape related subdivisions: the overall percentage of reinforcing,
compressible and incompressible materials and initial estimation of the waste
fill behaviour can me made. Using experimental data from Ko¨lsch (1995),
the following grading bands were suggested: <8 mm; 8-40 mm; 40-120 mm;
120-500 mm; 500-1000 mm; and >1000 mm.
Depending on the type of waste, the material groups are expected to vary
within the size ranges, e.g. heavy components (glass, stones, etc.) will be
dominant in the range 40–120 mm as well as reinforcing components such as
paper and plastics.
5. Degradation potential
This is also an important element of the waste classification as information on
the degradation potential would ensure estimation of the approximate time
related changes in the material components which on the other hand will help
to modify the classification system. A distinction was suggested between
short-term, medium-term and long-term degradation which was related to
the material groups—kitchen waste degrades more rapidly than the paper.
Methods to determine Biological Oxygen Demand were suggested.
The mechanical properties, shape and size of particles will vary with time due to
compaction, burial, deformability and/or degradation of the materials, therefore
the authors suggested that there should be a possibility to change categories of
components at different time periods.
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Table 2.2: Proctor density and optimal water content, after Munnich et al.
(2005a)
Material Proctor density, Mg/m3 Water content, %
Pi<30 1.20 26
Bu<60 0.87 33
2.6.2 Studies on properties of Mechanically-biologically pre-
treated (MBT) wastes
Although the classification system suggested by Dixon and Langer (2006) is an
important step forward for improved prediction and management of the waste
bodies in landfills, in the last decade the legislation system in England has been
significantly modified and since 2006 much waste has been mechanically and bio-
logically pre-treated (MBT) prior to disposal (EC, 1999; Defra, 2007). Inevitably
this will cause changes in the composition, properties and the amount of wastes go-
ing to landfills and these changes will probably alter the MBT waste geotechnical
properties (Velkushanova et al., 2009; Hall et al., 2006a).
In the last few years, different authors have tried to describe properties of MBT
waste (Siddiqui, 2011; Zardava et al., 2011; Fernando, 2011; Caicedo et al., 2010;
Kuehle-Weidemeier, 2003, 2004; Munnich et al., 2005a,b; Velis et al., 2010; Munnich
et al., 2009; Izzo et al., 2007) and predict their behaviour in the context of sus-
tainable landfilling (Hall et al., 2006a,b, 2007).
Munnich et al. (2005a) analysed two MBT samples—the first one (denoted Bu<60)
had maximum particle size of 60 mm and had been anaerobically and aerobically
treated; the second one (Pi<30) has been only aerobically treated and had a
maximum particle size of 30 mm. The authors determined the optimal density
and moisture content by proctor tests for both materials (Table 2.2), as well as
their particle size distribution. The higher density of Pi<30 was explained with
its larger content of inert materials such as glass, sand and ashes. Additionally,
it was examined the settlement and density changes as a function of vertical load
and measured vertical and horizontal hydraulic conductivity.
Kuehle-Weidemeier (2004) suggested that in terms of biodegradability, the pre-
treated wastes are comparable to MSW that have been buried in a landfill for
more than 50 years, without formation of low degradable zones. They stressed
the importance of reducing the calorific value, in the MBT residue, by sieving it
to <60 mm. Also was noted that the density of samples with larger particles is
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Table 2.3: Effect of MBT processing on some waste particles, Kuehle-
Weidemeier (2004)
Property/ Mechanical treatment Biological Mechanical and
influence (ps <60 mm) treatment biological treatment
Water permeability Decrease
Angle of shear ϕ No change Increase Increase
Cohesion c’ No change No change No change
Angle of tensile ξ Extreme reduction No change Extreme reduction
Oedometric modulus Increase Increase
Calorific value 20 % decrease 15-40% decrease 35-60% decrease
Subsidence Decrease Decrease Huge decrease
Mass reduction 25-50 % 15-30 % 40-70 %
much lower than for finer ones. They carried out particle size distribution analyses
and separated the waste into three fractions: 0–20 mm, 20–40 mm, 40–60 mm.
The dominant fraction was the finest (0–20 mm), followed by 20–40 mm. From a
mechanical point of view, Kuehle-Weidemeier (2004) considered that the MBT is
a much finer and homogeneous material then the untreated waste which is why its
geo-mechanical and hydraulic properties can be described in a better way using the
conventional soil mechanics. However, some of these statements needed further
experimental confirmation. The suggested impact of the treatment process on
some of the waste geotechnical properties is given in Table 2.6.2.
Bauer et al. (2005) investigated the influence of the hydraulic conditions on landfill
stability by direct shear tests to check the effect of water saturation on the strength
of MBT waste. They used a residue with a nominal particle size of 40–60 mm which
was characterised preliminary by particle size distribution and material type.
Zardava et al. (2011) described the moisture retention characteristics, Siddiqui
(2011) observed the settlement behaviour and gas potential of two MBT sam-
ples coming from different resources, while Fernando (2011) measured the shear
strength of an MBT residue. Caicedo et al. (2010) used computer tomography
imaging analyses in the attempt to understand the structure formation and pores
interconnectivity in MBT waste as a porous media.
However, currently there is no such a comprehensive MBT classification system
as was previously provided for untreated MSW and since the MBT processing is
becoming more and more popular, there is a dearth of knowledge to relate the
properties of this residue to their short- and long-term behaviour prediction in
landfills.
Chapter 2 Literature review 45
2.7 Summary and conclusions
The literature review in this chapter identified some important gaps in knowledge
and further research was initiated in order to provide updated or missing data,
essential for improved understanding about the processes occurring in landfills for
both pre-treated and old MSW.
The following gaps in knowledge were identified, on the base of which the research
aims and objectives of the PhD study were set:
• Currently there is no such a comprehensive system for pre-treated wastes as
for MSW, connecting the components properties to the waste fill behaviour.
• There is no a waste classification system that links the properties of waste
components to their effect on flow behaviour.
• There is a need to establish the impact of particle compressibility on imme-
diate compression and total settlement.
• There is a dearth of knowledge about the particle compressibility as a mech-
anism of settlement. Particularly useful will be information about the influ-
ence of pore water pressure and effective stress on particle compressibility,
the mechanisms of deformation (squashing, crushing, collapsing, etc.) and
the degree of deformation at different stress thresholds.
• There is a need to connect the effect of particle compressibility on changes
in the waste structure and flow paths at different stress thresholds.
• There is a need to establish if the theory for effective stress is valid for highly
deformable solids.
• There is a need to determine the particle compressibility of MBT waste and
its settlement characteristics.
• There is a need of further development of the current phase relationship
models for MSW, where both compressibility and decomposition of the solid
phase should be considered.

Chapter 3
Characterisation of different
types of wastes
3.1 Introduction
In this chapter the methods applied for characterisation of different waste mate-
rials is summarised. A classification framework was developed for mechanically-
biologically treated residues and was demonstrated that the same framework is
applicable for other types of waste—incinerator bottom ash (IBA)and a shredded
municipal solid waste (MSW). The second part of this chapter presents the results
of the waste characterisation and discusses the effect of wastes properties on their
future mechanical and flow behaviour.
Characterisation of a mechanically-biologically treated (MBT) residue should be
more straightforward than characterisation of a raw municipal solid waste (MSW)
for two reasons. First, the mechanical treatment would reduce substantially the
range of particle sizes in the waste. Secondly, the elimination of breakable or
crushable bulky items such as bottles and cans made from incompressible materials
such as stiff plastics, glass and metals would reduce significantly the amount of
potentially compressible elements. This would give a better correlation between
the particles’ size, material type and shape to the formation of waste structure
and its changes under increasing overburden stress. These changes will have a
contribution to the overall mechanical behaviour of the MBT wastes which would
be closer to the soil than the untreated MSW. The characterisation of incinerator
bottom ash (IBA) should be even simpler as the combustion process is likely
to leave only inert materials—mainly glass, metal and ash. Nevertheless, there
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would be certain differences in the mechanical and flow behaviour of processed
waste residues, un-treated MSW and soil materials and they are discussed in more
details.
The term “characterisation” is used hereafter to refer to the process of description
of waste components by some of their physical and mechanical properties and
placing them into separate categories. The term “classification” is referred to the
suggested framework, dividing the waste components into different groups in terms
of their impact on the entire waste body, using the already established properties
during the characterisation process.
3.2 Materials and methods
Various types of wastes were analysed in order to provide a uniform waste clas-
sification system. Some of the described fractions would differ slightly depending
on the origin of wastes, biological, mechanical and/or thermal pre-treatment pro-
cesses, etc. For example, MBT or IBA wastes will have smaller particle sizes and
significantly or completely reduced portion of bulky elements (e.g. bottles and
cans) in comparison with an old landfill waste. The material distinction within
smaller particles is more difficult and a part of them were classed as “unidentified”.
3.2.1 Materials
Four different types of waste were analysed. Initially MBT wastes from differ-
ent geographical regions and processing were characterised to develop a simplified
classification framework and allow to some extend comparison between them. Us-
ing the established methods for the MBT wastes, two more types of waste were
characterised—IBA and old MSW.
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3.2.1.1 MBT waste from Southern England (UK MBT)
Enclosed reception
Shredding
Pre Screening < 80 mm & 
ferrous magnet
< 80 mm selected 
biodegradable fraction 
transferred to Bio Stabilisation 
Hall
Screening & Grading 
Removal of Dry 
Recyclables
Dynamic processing in 
Hall for 6 weeks. 
Aeration, irrigation & 
mixing
Air separation
Magnetic/ EC separation
Ferrous metals recovery
Non biodegradable 
material recovered or 
injected to landfill
ABPR compliant 
stabilised residue
Lightweight plastic for 
further processing
Ferrous metals recovery
Non ferrous metals 
recovery
Process Summary
Residual Municipal Waste input
Actual biodegradability (to be determined)
Enclosed Bio Stabilisation 6 weeks
Process and all buildings subject to negative 
pressure aeration
Agitation equipment – Sandberger Uni 4001
Automated aeration & irrigation
Wireless process monitoring
Computer controlled processing
Pre screening: 80 mm trommel & ferous
magnet
Post screening: star screeners, air 
separators, ferrous magnets, EC separators
Irrigation via roof mounted spray system.
Emission removed via negative pressure 
aeration scheme. 
Treated via acidulous scrubber and biofilters
prior to release.
Figure 3.1: Schematic description of typical MBT process (after
New Earth Solutions: http://www.newearthsolutions.co.uk/residual-waste-
treatment/process-description/
A sample of approximately 500 kg of processed waste was recovered from a mechanical-
biological treatment facility in Southern England (New Earth Solutions, White’s
Pit landfill site, Dorset, UK). The MBT process is shown in Figure 3.1. During
the mechanical stage some of the bulky recyclable materials had been removed.
The remaining waste was shredded and screened and the ferrous metals recovered.
After that the waste residue was degraded in forced aerated windrows with regular
wetting and turning in an enclosed hall for 6 weeks before being matured outside
for further four weeks. Then, the waste was screened again and the dry recyclables
were removed. The nominal particle size of the material was about 20 mm.
3.2.1.2 MBT waste from Northern Germany (German MBT)
A 120 kg sample was obtained from an MBT facility situated near Hannover,
Germany. The main difference between the UK and German treatment processes
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was in the biological stage in which the German waste was treated anaerobically
and then aerobically, while the UK MBT underwent aerobic degradation only. The
process followed a number of main stages:
• waste reception and preparation
• anaerobic digestion
• biogas utilisation
• aerobic post-treatment/refining
• air-treatment (windrowing)
The nominal particle size of the material was about 60 mm.
3.2.1.3 Incinerator bottom ash (IBA)
The waste sample was obtained from Veolia’s Marchwood energy recovery facil-
ity (ERF), Hampshire, UK. The entire operation is housed under an aluminium-
cladded dome (32 metres high) which is unique by its structure. The facility is for
non-recyclable waste possessing and supply up to 16 MW of electricity to the Na-
tional Grid. The process of energy recovery is as follows (www.veoliaenvironmental
services.co.uk/Hampshire/Energy-recovery/Marchwood/):
• household waste is tipped into a bunker;
• a crane grabs the waste and places it into a feed hopper; it then drops down
a feed chute onto a grate;
• the action of the moving grate turns the waste to allow complete burning;
• the burnt ash passes through an ash discharger onto an ash handling system
for extraction of metals for recycling;
• the remaining ash is sent for recycling or disposal;
• hot gases pass over boiler tubes where they are cooled, generating high pres-
sure steam;
• a turbo-generator uses the steam to produce electricity for export to the
National Grid;
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• the gases from the boiler go through an extensive flue gas cleaning process
(a gas scrubber and a bag filter where particulates are filtered out); the
resulting material known as Air Pollution Control Residue is sent for disposal
at a licensed site;
• the cleaned gases are finally released to the atmosphere through a chimney.
The residue was not passed through screening before selection of the sample and
for that no nominal particle size was established. However, during the sieving over
90 % passed the mesh of 20 mm.
3.2.1.4 Shredded MSW (Pitsea waste)
This waste had been obtained from White’s Pit landfill site, Dorset and was shred-
ded and passed through a trommel screen prior to being used for large-scale ex-
periments in a purpose built compression cell situated on Veolia’s landfill site at
Pitsea in Essex (Powrie et al., 1999; Beaven, 2000; Hudson et al., 2004). Particle
size and composition analyses of a sample, denoted SW1, were carried out by M
E L Research, prior to filling the compression cell: 170 kg of waste was analysed
and the results were summarized in Table 3.1, where the dominant size was at 20–
40 mm, and the prevalent material type was “miscellaneous combustibles”. Two
samples of the Pitsea waste were delivered. The first had been used for large-scale
experiments in the Pitsea compression cell for a period of four years, during which
it had been subjected to compressive stress of up to 600 kPa, saturation, acceler-
ated degradation and extensive recirculation of leachate and tracers. The second
sample had remained in a skip outside for the same period and is, therefore, likely
to have degraded to a lesser extent. The first sample (from the cell) had an initial
mass of 47.25 kg and was used for further characterisation. The second one (from
the skip) of approximately 43.3 kg was used only for moisture content analysis.
The maximum particle size of the material was nominally 80 mm.
3.2.2 Methods
The waste characterisation was carried out in the Geotechnical and Environmental
Laboratory at the University of Southampton. The process was conducted in
stages and the main steps followed are schematically described in Figure 3.2.
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Figure 3.2: Methodology for waste characterisation
3.2.2.1 Selection of representative samples
For the characterisation process representative sub-samples were selected by quar-
tering the waste samples. The selection was carried out by layering the entire
materials, then dividing them into four squares and removing two of the oppo-
site ones (Figures 3.3 and 3.4). The rest of the waste was layered again and the
procedure repeated until sub-samples with desired masses (5–10 % by mass of the
entire residues) were selected.
Representative sub-samples of 20–25 kg were selected for characterisation from the
two MBT wastes and additional sub-samples of about 5 kg were selected for par-
ticle size distribution analyses, following BS1377-2 (1990). For the Pitsea wastes,
representative samples of about 6–7 kg were selected and a sub-sample of about 9
kg was selected from the IBA.
3.2.2.2 Particle size distribution (PSD)
The 20–25 kg representative samples of both UK and German MBT were mechan-
ically sieved for 30 minutes through a stack of aggregate sieves into five different
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Figure 3.3: Preparation of the waste for representative sample selection (Ger-
man MBT)
size fractions: >20 mm, 20–12 mm, 12–7 mm, 7–5 mm and <5 mm, using a large
aggregate sieve (Figure 3.5). The UK MBT waste was sieved at the as-received
water content and each fraction was then oven dried. About 1 kg of the material
passing the 5 mm sieve was also dry-sieved, following BS1377-2 (1990). The same
procedure was followed for the German MBT sample which was already at oven-
dried state. Each size fraction from each MBT sample, except for the finest (<5
mm), was used for further characterisation by material type and shape categories.
As there is no a standard for determining the PSD of wastes, the methods given
in BS1377-2 (1990) for soils were additionally adapted. Two separate 5 kg sub-
samples were taken from the UK MBT residue and analysed respectively by wet
and dry sieving methods, following the standard procedure. They were oven dried
at 70◦C prior sieving, not at 105◦C as for soils, considering the plastic and paper
contents in the waste. After that, following the method, one of them was sat-
urated in water and a de-agglomerating agent (sodium hexametaphosphate) left
for a few hours. The residue was then sieved and washed through a 2 mm mesh,
nested with a 63 µm one. All the material passing the latter sieve was disposed
of, during the washing process. The waste, retained on both sieves was then oven
dried and dry sieved through the following stack of sieves: 75mm, 63 mm, 37.5
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a.1)
a.2)
b.1)
b.2)
Figure 3.4: Selection of a representative sample by quartering—a) German
MBT and b) Pitsea waste
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Figure 3.5: Sieving of representative MBT samples by a large aggregate sieve
mm, 20 mm, 10 mm, 6.3 mm, 3.35 mm, 2 mm, 1.18 mm, 600 µm, 300 µm, 150 µm,
63 µm, and <63 µm. The second 5 kg sub-sample from the UK MBT was oven
dried and dry sieved without preliminary washing, using the above set of sieves.
The same procedure was repeated with the German MBT waste using a single 5
kg sub-sample which was consecutively dry then wet sieved.
The entire representative sample of IBA, was consecutively dry and wet sieved
(BS1377-2, 1990) and the aggregate concrete sieve was not used for further char-
acterisation. The same applied to the Pitsea waste but it was only dry sieved.
3.2.2.3 Moisture content
It was previously mentioned (Section 2.3.3.5) that the water or moisture content
(w) is the ratio of the mass of water (mw) to the dry mass of soil solids (ms).
For the UK MBT, the moisture content of each size fraction (>20 mm; 20–12 mm;
12–7 mm; 7–5 mm and <5 mm) was determined after sieving, by oven-drying
at a temperature of 70◦C until a constant dry mass was achieved. The moisture
content for each fraction was expressed as a percentage of the total weight. For the
other waste samples—German MBT, Pitsea waste and IBA, the water content was
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determined prior to sieving in order to prevent agglomeration between particles if
they are sieved at the as received water content.
3.2.2.4 Waste material categories
In the UK and the German MBT, each size fraction from the aggregate sieves
(>20 mm; 20–12 mm; 12–7 mm; 7–5 mm and <5 mm), except for the finest (<5
mm), was then sorted manually into the following material categories:
• Flexible plastics
• Rigid plastics
• Textiles
• Glass
• Ceramics
• Stones
• Metals
• Paper
• Wood
• Bones
• Rubber
• Unidentified >5 mm
• Unidentified <5 mm.
All material <5 mm was placed in the “unidentified <5 mm” category. The mate-
rial types distinguished are similar to those suggested by some authors e.g. Dixon
and Langer (2006) but differ from the groups described by others e.g. Landva
and Clark (1990), Grisolia et al. (1995) and Ko¨lsch (1995). They were selected
partly because of the need for categories to be amenable to identification by visual
inspection, although the smaller particle size of the MBT waste makes this more
difficult than for raw MSW. This is evident as over 50% of the material (by mass)
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was placed in the “unidentified” categories for both the UK and the German MBT
wastes.
Considering that the set of sieves described in the BS1377-2 (1990) was used
only for PSD analyses (i.e. no concrete sieve), the IBA and Pitsea samples were
divided in similar to the MBT wastes size fractions for further characterisation:
>20 mm, 10–20 mm, 10–6.3 mm, 6.3–5 mm and <5 mm. For the Pitsea waste,
the same material categories were distinguished except for the “rubber” which was
not recognized. In the “unidentified >5 mm” were placed large, undistinguished
elements and the rest of it was a soil-like material.
In a result of the high temperature processing for the IBA, most of the combustible
materials were not present and for that reason some of the above mentioned cat-
egories were combined or dismissed:
• Plastics (flexible and rigid)
• Textiles
• Glass
• Ceramics and stones
• Metals
• Paper and wood
• Bones
• Unidentified >5 mm
• Unidentified <5 mm
3.2.2.5 Particle shape/dimensionality
In addition to the particle size and material type, the particle dimensionality will
influence the bulk mechanical behaviour and the formation of voids in the material
(Velkushanova et al., 2009).
Following Ko¨lsch (1995), four shape categories were identified:
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1. Zero dimensional (0D)—grains—each dimension is less than a certain min-
imum significant length. In an MBT, these particles may form a “matrix”
into which the other particles may be considered to be embedded, potentially
changing bulk behaviour. Ko¨lsch (1995) chose the minimum significant di-
mension (such that particles smaller than this are considered as 0D) as 8 mm
for a raw MSW. For the waste samples in this study, the minimum signifi-
cant dimension was taken as 5 mm so that particles <5 mm were classified
as 0D.
2. One-dimensional (1D)—fibres, sticks or strings—one dimension is long rela-
tive to the typical particle dimension. It was considered that these particles
may act as reinforcing components, potentially enhancing the shear strength
of the matrix material.
3. Two-dimensional (2D)—sheets or foils—these particles are flat, with two
long dimensions and one short. It was assumed that they may act as re-
inforcing elements in terms of their effect on strength, or as elements that
divert or impede the fluid flow, depending on the material from which they
are formed. Impermeable materials such as plastics and metals will tend
to divert flow across their area, whereas more permeable materials such as
textiles and perhaps paper and card may impede rather than divert the flow.
4. Three-dimensional (3D)—bulky—these particles are rotund, with all three
dimensions greater than the minimum significant value. The 3D particles
were classified as neutral in terms of their effect on shear strength and flow
paths, and this was a subject of further investigation by Caicedo et al. (2010).
By their compressibility behaviour 3D particles were divided into the follow-
ing categories, following Dixon and Langer (2006):
• Compressible (e.g. putrescible materials, beverage cans)—high- and
low-compressible materials
• Incompressible (e.g. pieces of metal).
The complexity and the importance of the particle shape determination were not
neglected but for the sake of simplicity, only those four shape categories were taken
into consideration.
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3.3 Results
3.3.1 Moisture content
The moisture content of the original (unsieved) sample (26.5 %) and the various
size fractions obtained by the sieving of the UK MBT 25 kg sub-sample was deter-
mined after being sieved (Figure 3.6). The moisture resides disproportionately in
Figure 3.6: Moisture content of the UK MBT waste
the separate size fractions. Although the water content of the largest (>20 mm)
fraction is also high, this represents just 0.8% of the sample by dry mass and hence
is insignificant. Retention of water in the finest fraction is probably explained by
the high specific surface area and the absorptive nature of the particle materials
(e.g. paper, card and textiles).
The German MBT sample was received in an oven-dried state, so it was not
possible to determine the “natural” moisture content. However, a similar MBT
material from the same facility has been reported to have a water content of 33 %
by Munnich et al. (2005a).
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Figure 3.7: Moisture content of all characterised waste samples
The two Pitsea samples were oven dried prior to sieving, for that reason only
the water content of the entire samples was determined: for the sample from the
cell was 58.2 % and the sample from the skip—78.8 %. This could be due to a
higher organic content of the sample from the skip which has not been subjected
to flushing and testing as the sample used in Pitsea cell.
The IBA sample was also oven-dried prior to sieving and the moisture content was
26.81 %.
From all the analysed waste samples, the highest moisture content was indicated
in the Pitsea waste from the skip, followed by the Pitsea waste from the cell. For
those two samples, the water was taking over 50% of the entire sample masses
(Figure 3.7). The UK MBT, German MBT and IBA were with a similar ratio of
about 30 %, although the German was with slightly higher moisture content. This
value was reported in the literature and was not confirmed during the laboratory
analyses. These results can be explained with the lack of biological and thermal
treatment of the Pitsea waste where the organic content had the highest rate. It
should also be noted that the IBA was delivered at a very moist state whereas the
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Figure 3.8: A comparison of PSDs of German and UK MBT wastes.
MBT residues had been kept for a number of weeks in open premises when the
moisture may have evaporated partially.
3.3.2 Particle size distribution (PSD)
The PSD curves of the UK and the German MBT 25 kg samples are given in
Figure 3.8. The differences between the curves are not significant, although a
distinction is apparent in the larger size fractions because of the bigger maximum
particle size of the German MBT waste. It should be recalled that the UK MBT
sample was sieved at the as-received moisture content while the German MBT
sample was delivered oven-dried. The PSD curves of the materials <5 mm are
based on the results from 1 kg representative sub-samples, following BS1377-2
(1990). Particle size data for the materials >5 mm were not obtained following
any standard procedure, but by the use of a large aggregate sieve: this was the
most efficient way of sorting the 25 kg MBT samples into a small number of differ-
ent size ranges which were then further characterised by material type and shape.
Separately, PSD analyses were carried out in compliance with BS1377-2 (1990)
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Figure 3.9: A comparison between wet and dry sieving following BS1377-2
(1990) for the German and UK MBT wastes (5 kg samples)
using the representative 5 kg samples from both MBT wastes and the results are
compared in Figure 3.9. Inspection indicates that there are no significant differ-
ences between the results obtained from the dry and the wet sieving methods,
especially at particle sizes greater than 2 mm. Below that size, the wet method
curve indicates a slightly higher fines content which is expected since by wash-
ing of material, agglomeration of smaller particles is prevented. Nevertheless, the
difference is small enough to suggest that either method could be used for future
analyses.
Comparing Figures 3.8 and 3.9, can be seen that:
• In both cases, the German waste contained less fine material than the UK
waste, which could be a result of the different biological treatments.
• The PSD curves in Figure 3.9 are different from those in Figure 3.8. This
could be a result of possible agglomeration of particles in the first UK MBT
25 kg sample since it was sieved at the as-received moisture content, while
the 5 kg sample sieved according to BS1377-2 (1990) was oven dried prior
to sieving.
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Figure 3.10: Wet and dry sieving curves of IBA, following BS1377-2 (1990)
The PSD of the IBA is shown in Figure 3.10. It was noticed that there is a large
amount of very fine particles after the original sample was oven dried. In order
to be able to estimate the amount of fines, the sample was consecutively dry and
wet sieved. However, it was evident from the obtained results that there is no
significant difference between the both PSD curves and indeed this variation is
lower than the one with the two MBT samples.
In Figure 3.11 is shown the PSD of the Pitsea waste. It was only dry sieved fol-
lowing the previous experience from the two MBT wastes where was no significant
difference in the dry and wet sieving PSD curves.
In Figure 3.12 the BS1377-2 (1990) PSD curves of all analysed wastes are com-
pared. It is evident that the average particle size (D50) is the finest in the IBA
—2.5 mm, followed by the UK MBT—4 mm, German MBT—8.5 mm and Pitsea
waste from the cell—10.5 mm. This is probably in a result of the finer nominal
particle size of the IBA and the UK MBT (about 20 mm) and the courser one of
the German MBT and the Pitsea waste (respectively 60 and 80 mm). In fact, the
Pitsea waste curve is almost identical with the German MBT wet sieving one for
particle size <2 mm. It should also be taken into account that the fine fraction (<5
mm) in the IBA was inert and the absence of organic soil like particles within that
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Figure 3.11: Dry sieving of Pitsea MSW (from the cell), following BS1377-2
(1990)
Figure 3.12: Comparison between wet and dry PSD curves of all analysed
waste samples
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Figure 3.13: Comparison between dry sieving PSD curves for the UK and
German MBT, and other MBT wastes, reported by some authors
sample prevented possible agglomerations, which was not the case with the other
waste residues. The biologically untreated nature of the Pitsea waste could also
be considered as a pre-requisite for agglomeration between the organic particles,
additionally supported by the high initial moisture content of nearly 60%.
Results from the dry sieving PSD curves of the two MBT wastes were compared
with others reported in the literature by Kuehle-Weidemeier (2004), Bauer et al.
(2005) and Munnich et al. (2005a) in Figure 3.13. The latter is very similar to
the UK MBT but somewhat different from the German MBT even though they
originated at the same facility. This may also be due to the differences in the
nominal particle size of the sample reported in Munnich et al. (2005a)—30 mm
and the German MBT—60 mm.
Photos of waste materials retained on some of the sieves used for BS1377-2 (1990)
PSD analyses, are presented on Figures 3.14 and 3.15.
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a) b)
c) d)
e) f)
Figure 3.14: Different fractions obtained from PSD of both wet and dry sieving
of the UK MBT: a) >10 mm, b) >6.3 mm, c) >3.35 mm, d) >600 µm, e) >2
mm, f) >150 µm
68 Chapter 3 Characterisation of different types of wastes
a)
b)
c)
d)
Figure 3.15: Different fractions obtained from PSD of both wet and dry sieving
of the IBA: a) >2 mm, b) >1.8 mm, c) >600 µm, d) >6.3 mm
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3.3.3 Waste material categories
3.3.3.1 Comparative composition between the UK MBT and the Ger-
man MBT
Figure 3.16: Composition of the UK MBT waste sample by material type
The composition of the UK and the German MBT wastes by material type (ex-
pressed as a percentage of the total dry mass) is given in Figures 3.16 and 3.17.
As has already been mentioned a large amount of the samples was placed in the
“unidentified” categories which accounted for 58.0% (by mass) of the UK MBT
and 53.8% of the German MBT. The “unidentified <5 mm” category was made
up of all the waste passing the 5 mm sieve, as it was very difficult or impossible
to identify the material type of particles with this size. The “unidentified >5
mm” category consists of particles greater than 5 mm whose material could not
be identified, usually because they were encased in soil-like material which was
impossible to remove without breaking the particle (3.42). Glass (22.8% in the
UK and 24.3% in the German MBT) was the second most prevalent material.
Stiff and flexible plastics together accounted for about 8–10% of each MBT sam-
ple. For the UK MBT, percentages by total volume of solids were calculated using
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Figure 3.17: Composition of the German MBT waste sample by material type
measured particle densities for the different materials (Fernando et al., 2009) and
the material distributions by both mass and volume are given in Figure 3.16. The
same densities were used for calculating the material distribution by volume in the
German MBT (Figure 3.17). Owing to their low density, the plastics form double
the percentage of the whole by volume (about 15–20%), than by mass (8–10%).
Although the glass fractions take nearly a fourth of the entire samples by mass,
their volumetric ratio is only about 15%.
The distribution of each material type within each particle size range is shown
in Figures 3.18 and 3.19. It is evident that nearly a third of these samples are
taken by the “unidentified <5 mm” fraction and they are considered to form a
matrix into which the other particles are embedded. Comparison of those two
figures reveals their similarity although the two samples originate from different
geographical regions and have been subjected to different MBT processes. The
most significant difference was in the coarsest fraction (>20 mm) which is largely
absent in the UK MBT (0.8% from total mass) and makes up 24% of the German
MBT, which is due to the different nominal particle size in the two materials.
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Figure 3.18: Distribution by material type and particle size for the UK MBT
Degradable elements such as wood and paper were very low represented which is
probably in a result of the forced degradation.
3.3.3.2 IBA
A graph showing the distribution of particle size and material types for the IBA
is shown in Figure 3.20. In comparison with the other analysed wastes, there is
an apparent difference in the material distribution. The “unidentified <5 mm”
fraction represents nearly two thirds (60.5%) of the entire IBA sample by mass.
The “unidentified >5 mm” fractions make up a very small part of the sample,
which was not the case with the MBT and Pitsea samples. Glass was the second
most prevalent material by mass (22.0 %) as with the other wastes. Only traces
of plastics, paper, textiles and wood were found in the IBA. Their presence was
surprising considering the high temperature treatment the waste has been passed
through perhaps suggesting incomplete combustion. In this residue the metals
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Figure 3.19: Distribution by material type and particle size for the German
MBT
made up a greater proportion than was found in the MBT wastes but still slightly
less than in Pitsea waste.
3.3.3.3 Pitsea
In the Pitsea waste the most prevalent material by mass (36.2%) was also the
“unidentified”, only 7.2% from which was represented in some of the fractions
>5 mm and the rest was in the <5 mm. It was divided into separate material
groups—“soil-like” and “unidentified” in some size fractions (>20 and 10–20 mm)
due to their apparent difference—the first one resembled to soil material and the
second was similar to the unidentified >5 mm in the MBT wastes—large lumps
comprised of different elements elapsed into each other. The “soil-like” material
was taking 4.9% and the “unidentified” one—1.9% from the total mass but for the
sake of simplicity during the data processing, all them were placed in the group
of “unidentified >5 mm”. Similar to the MBT wastes, the second large material
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Figure 3.20: Distribution by material type and particle size of the IBA
by mass was glass (22.9%) and the stiff and flexible plastics together accounted
to about 11%. The Pitsea waste has not been biologically processed and possibly
for that reason, materials like wood and paper had higher proportion (respectively
about 10% and 6%) than in the MBT wastes. Metals were also in much higher
rate—3% whereas in the UK MBT the ratio is about 0.5 % and in the German
MBT—1.5%.
Figure 3.22 shows a histogram of the material groups of the material groups for
IBA, Pitsea and the two MBT wastes; note that some of the material categories for
the MBT and Pitsea samples were modified partially to ensure compatibility. It
is apparent that the overall unidentified fractions of the four types of waste make
up the bulk of the total mass, although for the IBA and Pitsea waste is taken
mainly by the finest (<5 mm) fraction and for the MBT wastes is a sum of all
the size fractions. The inert materials such as glass, stones/ceramics and metals
have a similar overall distribution within the four types of waste although they are
coming from diverse geographical locations and have been subjected to different
treatment methods. Even though in the last years a separate waste collection
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Figure 3.21: Distribution by material type and particle size of Pitsea waste
system in the neighbourhoods has been applied, still a large amount of glass was
indicated within the four types of pre-treated waste residues (25%). Because of
the thermal treatment of the IBA there were only traces of flammable organic
materials such as plastics, textiles and paper/wood.
Photographs of typical individual material types and sizes are given in Figure 3.23
to 3.37.
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Figure 3.22: Comparative composition of UK MBT, German MBT, IBA and
Pitsea waste
Figure 3.23: German MBT: fraction “glass”, particle size 12–20 mm
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Figure 3.24: UK MBT: fraction “glass”, particle size 5–7 mm
Figure 3.25: UK MBT: fraction “rigid plastics”, particle size 7–12 mm
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Figure 3.26: German MBT: fraction “rigid plastics”, particle size >20 mm
Figure 3.27: UK MBT: fraction “flexible plastics”, particle size 12–20 mm
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Figure 3.28: German MBT: fraction “flexible plastics”, particle size 12–20
mm
Figure 3.29: UK MBT: fraction “textiles”, particle size 7–12 mm
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Figure 3.30: German MBT: fraction “ceramics”, particle size 12-20 mm
Figure 3.31: IBA: fraction “metals”, particle size >20 mm
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Figure 3.32: IBA: fraction “ceramics”, particle size 10–20 mm
Figure 3.33: IBA: fraction “glass”, particle size 6.3–10 mm
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Figure 3.34: IBA: fraction “ceramics”, particle size 6.3–10 mm
Figure 3.35: IBA: fraction “metals”, particle size 5–6.3 mm
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Figure 3.36: Pitsea waste: fraction “rigid plastics”, particle size 20 mm
Figure 3.37: Pitsea waste: fraction “wood”, particle size 6.3–10 mm
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3.3.4 Unidentified fractions
In the MBT waste samples, the “unidentified <5 mm” group consisted primarily of
soil-like material (or a residue from the biodegradation) with a mixture of paper,
plastics, rubber, wood etc., which are covered or enveloped by a thick soil-like layer
and it is almost impossible to be distinguished without breaking (Figure 3.42).
Even though the finest fraction (<5 mm) was a soil-like material, it contained a
proportion of small glass, plastics and other particles. For in depth understanding
of what is the relative proportion of these materials, a characterisation of a small
(5 g) sample of the German MBT was carried out. From Figure 3.38 is apparent
that nearly two-thirds of the sample was taken by a soil-like/unidentified mate-
rial. Although very fine, in the fraction <5 mm, a large proportion (about 35%)
was presented by other materials: glass and stones were taking about 10% each,
wood—6% and bones—about 5%. The flexible and the rigid plastics accounted to
nearly 4% together, although their proportion by volume will be somewhat higher
(especially for the flexible) in contrast to the glass and stones.
Figure 3.38: Composition of the unidentified < 5mm fraction in the German
MBT
In Figure 3.39 are compared the composition analyses of the fractions >5 mm and
<5 mm in the German MBT. Some of the materials in the fine fraction such as
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Figure 3.39: Composition of fractions > 5 mm and < 5 mm in German MBT
waste
unidentified, stones, wood and bones had a higher proportion of the overall sample
by dry mass than in the fractions larger than 5 mm. The unidentified materials
from both characterisation processes showed similar figures, although should be
taken into account that analysed sub-sample for the fraction <5 mm was not with
large enough size (5 g) to justify the representativeness of the entire material.
The 5 g mass for the fine fraction characterisation was not selected randomly as
organic dissolution tests for determination of biomass content were carried out
simultaneously, using a number of small 5 kg samples, following DDCEN/TS-
15440 (2006) for solid recovered fuels (SRF). These tests aimed to establish the
percentage distribution between biomass and non-bio mass components within the
fine fractions (<5 mm) of the UK and German MBT wastes, as shown in Figure
3.40. According to DDCEN/TS-15440 (2006), xB is the biomass content on a dry
basis and xNB is the non-biomass content on a dry basis, expressed as a percentage
by weight:
xB =
(
1−
(
mresidue −mresidue−ash
mSRF
+
ASRF
100
))
× 100 (3.1)
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Figure 3.40: Biomass and non-biomass distribution in UK and German MBT
wastes
xNB = 100− xB − ASRF (3.2)
where ASRF is the ash content of SRF sample; mresidue−ash is the mass of ash of
dissolution residue (including filter), burned according to CEN/TS 15403:2006, in
g; mSRF is the mass of dry SRF test portion used for dissolution, in g; mresidue is
the remaining dry mass (including filter) after the test portion has been dissolved.
If as non-biomass components are considered glass and stones from Figure 3.39,
together they accounted about 20 %, which corresponds to the chemical analyses
in Figure 3.40. It is also evident that in the German MBT about 12-13 % of the
fine sample will be biodegradable. On the other hand, in the UK MBT the ratio
of biomass components is significantly higher (about 23%) but the non-biomass
content would be the same as with the German MBT. There were extreme values
of the second UK MBT sub-sample and for that reason was considered for non-
accurate. The variation of the biodegradable components ratio between both
MBT wastes was probably in a result of the different biological pre-treatment—
the German MBT underwent consecutively anaerobic and aerobic treatment which
supposedly will reduce more the biodegradable organic matter than the aerobic
treatment itself as was for the UK MBT. Electronic microscope images of some of
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the material components distinguished in the fine fraction (<5 mm) of the German
MBT are shown in Figure 3.41.
The unidentified fractions (>5 and <5 mm) of the IBA were mineral-like, differing
from the other three samples where they mainly consisted of granular inert material
(Figures 3.42 to 3.43).
a) b)
c) d)
Figure 3.41: Microscope pictures of Unidentified <5 mm fraction of German
MBT waste: a) Stiff plastics; b) Wood; c) Glass; and d) Flexible plastics
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a) b)
c) d)
e) f)
Figure 3.42: Unidentified >5 mm fractions: a) German MBT 20-12 mm; b)
UK MBT 20-12 mm; c) German MBT 12-7 mm; d) UK MBT 12-7 mm; e)
German MBT 7-5 mm; and Unidentified <5 mm fraction: f) German MBT.
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a)
b)
Figure 3.43: Unidentified fractions in IBA a) <5 mm and b) >5 mm
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3.3.5 Particle shape
The distribution of one-dimensional (1D), two-dimensional (2D) and three-dimensional
(3D) shapes varies within the different material groups. For flexible plastics, the
dominant shape is 2D and there are no 3D particles present. For glass, there were
no 1D particles. Some of these categories were described in details for the UK
MBT in Table 3.2 and are illustrated by images in Figures 3.44 for the UK and in
3.45 and 3.46 for the German MBT wastes.
a ) b)
c) d)
Figure 3.44: Material and shape categories of the UK MBT waste: a) Stiff
plastics 12-20 mm; b) Stiff plastics 12-20 mm - 3D, 1D and 2D; c) Flexible
plastics 12-20 mm; and d.Flexible plastics 12-20 mm—1D and 2D
The dominant dimensions of particles made of different materials are given in
Tables 3.3 to 3.6, including all the analysed waste samples. Blank fields indicate
that no particles of that material and size range were present.
Tables 3.7 and 3.8 summarize the distributions of particles according to their
dimensionality within the two plastic categories (stiff and flexible) in both MBT
wastes. Percentages were calculated as a proportion of the total sample dry mass.
The majority of particles within both plastic categories are 2D. They were of
interest as most probably will have major effect on changes in the flow behaviour
in comparison with the other material groups.
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a)
b)
c)
Figure 3.45: Material and shape categories of the German MBT: a) Total
glass >20 mm; b) Glass >20 mm—3D; c) Glass >20 mm—2D;
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a)
b)
c)
Figure 3.46: Material and shape categories of the German MBT: a) Total
textiles >20 mm; b) Textiles >20 mm - 1D; and c) Textiles >20 mm - 2D.
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Table 3.2: Description by dimensionality and material of components found
in UK MBT
Fraction 
(material) 
Size fraction 1D 2D 3D 
>20 mm: 
3D – 55%; 2D – 25%;  
1D – 20% 
Wires with a plastic cover; 
lollipop sticks: up to 
170×2mm 
Sheet-like solid plastic 
pieces: up to 125×10 mm; 
70×30 mm 
Parts or whole pens or 
markers; other bulky 
items; up to 135×8x6 mm; 
50×8x5 mm 
12-20 mm:  
2D – 55%; 3D – 30% 
1D – 15% 
Pipe-like plastic materials, 
mostly from lollipops 
(70×2 mm), wires 
(115×1.5 mm) 
Sheet-like hard plastic pieces 
(50×12 mm) 
Different bulky items 
(parts of pens, necklaces 
beads etc.); up to  
130x8x4 mm 
7-12 mm:  
2D – 65%; 1D – 20% 
3D – 15% 
Wires (55×1.5 mm); parts 
of clothes tags (50×0.7 
mm) 
Sheet like pieces of solid 
plastic boxes etc. (35 ×8 mm; 
40×7 mm) 
Bulky items e.g. balls (d ~ 
4 mm), parts of toys etc., 
40×4x2 mm 
Rigid 
plastics 
 
 
 
 
 
 
 
 
5-7 mm: 
2D – 85%; 3D – 10% 
1D – 5% 
Parts of clothes tags (50 
0.7 mm) 
Sheet-like hard plastic pieces 
up to 60×8 mm 
Small plastic balls, internal 
parts of pens up to 
12×5x2 mm  
>20 mm: 
2D -100% 
- Mostly pieces of  plastic bags 
and packaging  
. 
12-20 mm 
2D – 95%; 1D – 5% 
Parts of plastic packaging 
(100 ×1 mm; 80×1 mm) 
Mostly pieces of  plastic bags 
and packaging (60×40 mm; 
50×30 mm) 
- 
7-12 mm: 
2D – 99 %; 1D – 1% 
Parts of plastic packaging 
up to 80×1 mm 
Mostly pieces of  plastic bags 
and packaging up to 60×30 
mm 
- 
Flexible 
plastics 
5-7 mm:  
2D – 98%; 1D – 2% 
Parts of plastic packaging 
(80×3 mm; 40×2mm) 
Mostly pieces of  plastic bags 
and packaging (50×8 mm; 
40×15 mm) 
- 
>20 mm: 
1D -50%; 2D- 50% 
Parts of nappies,  clothes 
and hygiene materials 
(max 165 mm ; min 50 
mm) 
Parts of clothes  - 
12-20 mm: 
1D – 50%; 2D – 50% 
Parts of nappies, clothes 
and hygiene materials 
(max 120 mm ; min 30 
mm) 
Parts of clothes  (50×20 mm; 
24×25 mm) 
- 
7-12 mm: 
1D – 50 %; 2D – 50% 
Parts of nappies,  clothes 
and hygiene materials ( 
max 60 mm ; min 25 mm) 
Parts of clothes (8×12 mm; 
25×25 mm) 
- 
Textiles 
5-7 mm:  
2D – 50%; 1D – 50% 
Parts of nappies,  clothes 
and hygiene materials ( 
max 80 mm ; min 28 mm) 
Parts of clothes (12×12 mm) - 
>20 mm: 
3D -80%; 2D – 10% 
- Parts of broken bottles  Parts of broken bottles  
12-20 mm: 
3D -80%; 2D – 10% 
- Parts of broken bottles (40 
mm × 20 mm; 15 mm × 10 
mm) 
Parts of broken bottles (40 
mm × 25 mm × 5 mm;15 
mm × 15 mm × 5 mm) 
7-12 mm: 
3D - 80%; 2D – 10% 
- Parts of broken bottles (35 
mm × 10 mm; 15 mm × 15 
mm) 
Parts of broken bottles (30 
mm × 15 mm × 5 mm;15 
mm × 15 mm ×5 mm) 
Glass 
5-7 mm:  
3D -100% 
- - Parts of broken bottles 
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Table 3.3: Categorisation by the dominant dimensions of the materials in the
UK MBT sample
Components >20 mm 20-12 mm 12-7 mm 7-5 mm <5 mm
Flexible Plastic 2D 2D 2D 2D
Stiff Plastic 3D 2D 2D 2D
Textiles 1D/2D 1D/2D 1D/2D 1D/2D
Glass 2D 2D 2D 2D
Ceramics 3D 3D
Stones 3D 3D 3D
Metals 2D 2D 2D 2D
Paper 2D 2D 2D 2D
Wood 1D 1D 1D
Bones 3D 3D 3D
Rubber 3D 3D 3D
Unidentified <5 mm OD
Unidentified >5 mm 3D 3D 3D 3D
Table 3.4: Categorisation by the dominant dimensions of the materials in the
German MBT sample
Components >20 mm 20-12 mm 12-7 mm 7-5 mm <5 mm
Flexible Plastic 2D 2D 2D 1D
Stiff Plastic 3D 2D 2D 1D/2D
Textiles 2D 1D 1D 1D/2D
Glass 2D 2D 2D 2D
Ceramics 3D 3D 3D 3D
Stones 3D 3D 3D 3D
Metals 2D 2D 2D 2D
Paper 2D 2D 2D 2D
Wood 3D 1D 1D 1D
Bones 3D 3D 3D 3D
Rubber 3D 3D 3D
Unidentified <5 mm 0D
Unidentified >5 mm 3D 3D 3D 3D
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Table 3.5: Categorisation by the dominant dimensions of the materials in the
IBA sample
Components >20 mm 20-10 mm 10-6.3 mm 6.3-5 mm <5 mm
Plastics 2D 3D 2D 2D
Textiles 3D
Glass 3D 3D 3D 3D
Ceramics/ Stones 3D 3D 3D
3D 3D 3D 3D
Metals 3D 3D 3D 3D
Paper/Wood 3D 2D 2D/3D
Bones 2D 3D 3D
Rubber 3D 3D 3D
Unidentified <5 mm 0D
Unidentified >5 mm 3D 3D 3D 3D
Table 3.6: Categorisation by the dominant dimensions of the materials in the
Pitsea sample
Components >20 mm 20-12 mm 12-7 mm 7-5 mm <5 mm
Flexible Plastic 2D 2D 2D 2D
Stiff Plastic 3D 2D 2D 2D
Textiles 3D 3D 3D 3D
Glass 2D 2D 2D 2D
Ceramics/Stones 3D 3D 3D 3D
Metals 3D 2D 3D 3D
Paper 2D/3D 2D/3D 2D/3D 2D/3D
Wood 2D/3D 2D 2D/3D 3D
Bones 3D 3D 3D 3D
Unidentified <5 mm 0D 0D 0D 0D 0D
Unidentified >5 mm 3D 3D
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Table 3.7: Stiff plastics—mass distribution (by percentage of total dry mass)
of particles by dimensionality
(a) UK MBT
Size, mm 1D 2D 3D Total, %
> 20 trace trace 0.1 0.1
20-12 0.4 1.5 0.8 2.7
12-7 0.5 1.7 0.4 2.6
7-5 trace 0.6 0.1 0.7
< 5
Total 0.9 3.8 1.4 6.1
(b) German MBT
Size, mm 1D 2D 3D Total, %
> 20 0.3 1.1 1.8 3.2
20-12 0.4 0.7 0.1 1.2
12-7 0.1 0.5 0.3 0.9
7-5 0.1 0.4 0.1 0.6
< 5
Total 0.9 2.7 2.3 5.9
Table 3.8: Flexible plastics—mass distribution (by percentage of total dry
mass) of particles by dimensionality
(a) UK MBT
Size, mm 1D 2D 3D Total, %
> 20 0.1 0.1
20-12 0.1 2.7 0.8 2.8
12-7 trace 1.2 1.2
7-5 trace 0.4 0.4
< 5
Total 0.1 4.4 4.5
(b) German MBT
Size, mm 1D 2D 3D Total, %
> 20 0.4 1.0 1.8 1.4
20-12 trace 0.3 0.1 0.3
12-7 0.1 0.3 0.3 0.4
7-5 0.2 0.1 0.3
< 5
Total 0.7 1.7 2.4
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Figure 3.47: PSD of the matrix materials (unidentified <5 mm) within all
analysed wastes
3.4 Discussion
3.4.1 Mechanical behaviour
In addition to the particle size and material type, the particle shape will influence
the bulk mechanical behaviour and the formation of voids in the material. The
pre-treated wastes such as MBT and IBA wastes are more simplified materials
than raw MSW and from that, they might be viewed as a matrix of smaller
particles (“unidentified <5 mm”) with reinforcing (1D and 2D), flow-diverting
and impeding (2D) and larger (3D) elements embedded. The PSD curves for the
matrix materials indicated that D50,matrix was in the order of 1–1.5 mm (Figure
3.47).
The minimum length needed for a 1D or 2D particle to be considered as a reinforc-
ing element is worthy of some consideration. Dixon and Langer (2006) suggested
that to act as a reinforcing element, a 1D or 2D particle must exceed the nominal
diameter of the particles around it (i.e. particles in the matrix) but this is a less
onerous criterion than that suggested by some other authors (e.g. Michalowski
and Zhao (1996)). Further research to define the minimum significant length of
particles to act as reinforcing is needed but for the MBT wastes in this study a re-
inforcing element has been taken as one longer than five times the typical particle
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size (D50,matrix) in the surrounding matrix, i.e. ≥ 5×D50, matrix. As D50,matrix =1
mm (Figure 3.47), the minimum significant length is 5 mm for these wastes. For
the Pitsea and IBA, (D50,matrix) was at about 1.5 mm but the particle size of their
matrix was <6.3 mm and as reinforcing elements were considered particles bigger
than 6.3 mm. Only 1D and 2D particles were considered as potentially reinforc-
ing; thus 3D particles of materials such as glass, ceramics and stones are excluded
from this category and classified as “neutral”. The potentially reinforcing elements
were categorised as either “stiff” (metals and hard plastics) or “flexible” (flexible
plastics, textiles, paper and card). 3D elements could be potentially incompress-
ible, high- or low-compressible. In untreated MSW the content of compressible
particles is usually high, although it may vary with the age and organic content of
wastes (Hudson et al., 2004; Beaven, 2000). In the UK MBT, 3D crushable hollow
particles are absent, having been eliminated by the processing of the waste. At the
same time, as a result of the larger maximum particle size of the German MBT,
a small quantity of crushable particles (e.g. small plastic bottles) were present in
the size fraction >20 mm. The Pitsea waste has been shredded and screened to a
nominal particle size of 80 mm and although some bulky crushable elements were
present, their content was much lower than in untreated MSW. In the IBA, all the
components will be incompressible with the exception of some flexible 3D metals
(e.g. foils), which may change their shape under certain loading. However, their
content was insignificant and will probably have no effect on the overall compress-
ibility of this residue. It was apparent that the nature of the IBA particles will be
incompressible.
Dixon and Langer (2006) assumed that half of the fine particles (matrix) in waste
would be compressible and the other half of them not. However, this statement was
invalidated by compressibility tests, using a consolidation Rowe cell, on samples
of the UK MBT with a reduced maximum particle size of up to 10 mm which is
explained in details in Chapter 5. It was evident that particle compressibility in
this material was absent or insignificant and the large overall compressibility was
in a result of rearrangement of the void space as the sample had a very low initial
density. All the solids in the tested sample (with nominal particle size 10 mm)
were incompressible, hence the finer particles, comprising the matrix (<5 mm)
are also incompressible and this was taken into consideration in the suggested
classification framework.
Pitsea waste has been reported to have significant particle compressibility (Hud-
son et al., 2004) although it could be argued that a part of this estimation was due
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to pore air compression. Dixon et al. (2008) and Langer (2005) carried out com-
pression tests using synthetic analogues of wastes. They reported some materials
such as flexible plastics, organics and paper as highly compressible. At the same
time those components were within a large size range— normally between 120–500
mm. The tested samples were unsaturated, in a loose initial state, hence it should
be taken into account that the high compressibility may be due to rearrangement
within the large voids space, not necessarily due to particle compression. For
that reason the compressibility of the individual particles is under question and
needs further confirmation for materials that not have a 3D shape. It should be
taken into account that during the shredding and screening processing of Pitsea
waste, the larger bulky elements that are most likely to compress have been elim-
inated. Hudson et al. (2004) and Beaven (2000) also asuggested that the particle
compressibility will reduce with age of the residue. and in this specific case, the
Pitsea sample has been shredded to a nominal particle size of 80 mm and then
subjected to compression, acceleration and extensive recirculation of leachate for
four years. All these processes represent an intensive ageing in normal landfill
conditions, hence the sample was even less likely to contain a large amount of
potentially compressible elements. It was additionally estimated that the overall
distribution of potentially high-compressible, materials is not going to exceed 10%
from the total mass of the categorised Pitsea sample.
3.4.2 Flow behaviour
In addition to their reinforcing effect, 2D particles embedded within the waste can
have an impact on flow behaviour as they have the potential to change the structure
of the pores and the length of flow paths, defined in terms of the tortuosity by
Carman (1997) as the ratio between the actual fluid flow path and the depth of the
fluid penetration in the material. The magnitude of the effect on the flow behaviour
depends on the relative size, orientation, content and material composition of the
2D particles, as indicated in Figure 3.48. Xie et al. (2006) investigated the effect
of 2D particles (plastic pieces) on the hydraulic conductivity of clay and found
that the larger the plastic particles and the greater their number, the lower the
bulk hydraulic conductivity. Reductions of up to 70% of the original permeability
were observed with the addition of 0.1% by mass of 2D particles. Accordingly,
it may be argued that in solid waste, 2D particles of impermeable materials, e.g.
plastics, have the potential to “divert” fluid flow and, by extending the flow path
lengths, increase the tortuosity. 2D particles of permeable materials, e.g. paper
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Figure 3.48: Effect of 2D permeable and impermeable materials on flow, de-
veloped from Xie et al. (2006)
and textiles, have the potential to impede fluid flow as a result of some flow being
conducted through the permeable elements (Caicedo et al., 2010). Thus the MBT
materials described in this paper can be viewed in terms of flow characteristics
as 2-D diverting or impeding (typical particle size >5 mm) in a matrix of fines
(D50,matrix ' 1–1.5 mm). 2D particles in landfilled waste are expected to be
preferentially oriented horizontally as a result of the placement method. This was
shown in field excavations Rees-White (2004) and by inspection of consolidated
and degraded laboratory samples of municipal solid waste (Caicedo et al., 2010)
The effect of large, bulky (3D) particles which can be considered as large lumps
within the general matrix structure is uncertain. It is likely to depend on their
shape and internal porosity and the resulting bulk permeability may be greater
or less than that of the matrix. Bouwer and Rice (1984) studied the permeability
of sand and gravel mixtures and found that the permeability relative to that of
sand alone was controlled by the void ratio of the mixture; specifically, if the
void ratio of the mixture was the same as that of sand alone, the permeabilities
were also the same. The described theory on flow behaviour has been a subject to
additional experimental analyses by Caicedo et al. (2010) and further discussion on
the possible modification of the waste properties as a result of particle size, material
type and shape will be based on the above described theoretical framework.
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3.4.3 Classification framework
Particles of a given material and size are classified in terms of their impact on
fluid flow and strength in Tables 3.9 to 3.12, which show the distribution in each
category as a proportion of the total dry mass.
Cumulative PSD curves for UK and German MBT, indicating the distribution
by particle size of matrix material, potentially reinforcing elements and poten-
tially flow diverting or impeding elements is presented in Figures 3.49 and 3.50.
This is in essence a simplification of the Dixon and Langer (2006) categorisation
scheme, in which the types of component that processing has removed from MBT
waste have been eliminated. At the same time the physical properties of different
waste components were related to the mechanical and flow behaviour of the waste
fill. For the UK MBT, the neutral (large, 3D) particles made up 43.2% of the
sample by dry mass; potentially diverting (2D) components comprised 22.7% of
the sample, 26.5% could be potentially reinforcing elements and matrix material
comprised 29.1%. In the German MBT the distribution between these categories
was very similar: neutral particles made up 46.9% of the sample, followed by the
matrix material (27.0%), potentially reinforcing elements (25.3%) and the poten-
tially diverting components (22.7%). The distinction between compressible and
incompressible particles has for the time being been neglected, as the most of the
MBT components are incompressible except for some large hollow elements (>20
mm) but their overall percentage is too low to have any significant effect.
The Pitsea sample differed slightly from the MBT wastes: the matrix material was
taking a third of the entire sample—34.3%; the reinforcing particles were taking up
to 40.1% at the expense of the neutral particles—25.3%; the potentially diverting
group accounted to 34.3%. It was estimated that the potentially compressible 3D
elements take not less than 10% of the entire sample, mainly represented in the
size fraction >20 mm.
For the IBA, the figure of distribution between shape-related groups was also differ-
ent: matrix material comprised 60.5% of the entire sample, followed by neutral—
26.7%, reinforcing—12.7% and diverting—12.5%. All the 3D materials were in-
compressible.
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Figure 3.49: PSD of UK MBT components showing matrix, reinforcing, and
flow diverting/impeding particles
Figure 3.50: PSD of UK MBT components showing matrix, reinforcing, and
flow diverting/impeding particles
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Table 3.9: Material category, size distribution and shape (by % of total dry
mass) and their potential impact on reinforcement and fluid flow - UK MBT
waste
Total 
each 
>20 20-12 12-7 7-5 <5
Stiff Plastic 3D 0.1 0.8 0.4 0.1 1.4
Glass 3D trace 2.3 4.2 2.0 8.5
Ceramics 3D 1.1 1.2 2.3
Stones 3D 0.8 0.8 0.1 1.7
Rubber 3D 0.1 0.1 trace 0.2
Unidentified 
>5 mm 3D 0.4 8.0 8.8 11.7 29.0
Bones 3D 0.1 0.1 trace 0.2
Flex. Plastic Flexible 2D 0.1 2.7 1.2 0.4 4.4
Stiff Plastic Stiff 2D trace 1.5 1.7 0.6 3.9
Metals Stiff 2D trace 0.1 0.1 trace 0.2
Glass Stiff 2D 5.4 7.8 1.1 14.3
Textiles Flexible 1D 0.1 0.8 0.1 0.1 1.1
Rigid Plastic Stiff 1D trace 0.4 0.5 trace 0.9
Flex. Plastic Flexible 1D 0.1 trace trace 0.1
Wood Stiff 1D 0.5 0.7 trace 1.2
Paper Flexible 2D trace 0.2 0.2 trace 0.4
Textiles Flexible 2D 0.1 0.1 trace 0.2
Matrix Unidentified 
<5 mm 0D 29.1 29.1 29.1
Total, % 0.7 25.0 28.2 16.1 29.1 99.11 99.1
Impeding & 
reinforcing 0.6
Diverting & 
reinforcing 22.7
Neutral & 
Reinforcing 3.4
Size (mm) Total %
43.3Neutral
Behaviour Component Dim
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Table 3.10: Material category, size distribution and shape (by % of total dry
mass) and their potential impact on reinforcement and fluid flow - German MBT
waste
>20 20-12 12-7 7-5 <5
Stiff Plastic 3D 1.8 0.1 0.3 0.1 2.3
Glass 3D 1.7 2.3 3.0 1.3 8.4
Ceramics 3D 2.2 1.3 0.6 0.1 4.3
Stones 3D 2.6 0.1 0.3 0.2 3.2
Rubber 3D 0.1 0.1 traces traces 0.2
Unidentified 
>5 mm
3D
6.9 5.3 6.5 8.1 26.8
Textiles 3D traces 0.0
Bones 3D 0.2 traces 0.1 0.1 0.4
Wood 3D 1.1 0.2 0.1 0.1 1.5
Flex. Plastic Flexible 2D 1.0 0.3 0.3 0.1 1.7
Stiff Plastic Stiff 2D 1.1 0.7 0.5 0.4 2.7
Metals Stiff 2D 1.1 0.3 0.1 0.1 1.5
Wood Stiff 2D 0.1 0.2 0.2 0.3 0.8
Glass Stiff 2D 2.6 5.4 5.5 2.5 16.0
Textiles Flexible 1D 0.1 0.1 traces traces 0.1
Stiff Plastic Stiff 1D 0.3 0.4 0.1 0.1 0.9
Flex. Plastic Flexible 1D 0.4 traces 0.1 0.2 0.7
Wood Stiff 1D 0.1 0.3 0.3 0.3 1.0
Paper Flexible 2D 0.1 traces traces traces 0.1
Textiles Flexible 2D 0.4 traces traces traces 0.4
Matrix Unidentified 
<5 mm 0D 27.0 27.0 27.0
Total, % 24.0 17.0 18.0 13.7 27.0 99.7 99.7
Impeding & 
reinforcing 0.5
Diverting & 
reinforcing 22.7
Neutral & 
Reinforcing 2.7
Size (mm) Total
%
Total 
Neutral 46.8
Behaviour Components Dim
104 Chapter 3 Characterisation of different types of wastes
Table 3.11: Material category, size distribution and shape (by % of total dry
mass) and their potential impact on reinforcement and fluid flow - IBA waste
>20 20 to 10 10 to 6.3 6.3 to 5 <5
Plastics 3D 0.0 trace 0.0 trace 0.0 0.0
Glass 3D 1.3 5.9 4.3 1.6 0.0 13.1
Ceramics/ 
Stones 3D 0.9 1.4 1.6 1.5 0.0 5.5
Metals 3D 1.4 0.5 1.1 0.7 0.0 3.8
Unidentified 
>5 mm 3D 0.2 1.2 1.6 1.1 0.0 4.1
Textiles 3D trace 0.0 0.0 0.0 0.0 0.0
Bones 3D 0.0 0.0 trace 0.1 0.0 0.1
Wood/ Paper 3D 0.0 0.0 0.3 trace 0.0 0.3
Plastic Flexible 2D 0.0 0.0 0.3 trace 0.0 0.3
Ceramics 2D 1.7 0.8 0.3 0.1 0.0 2.8
Metals Stiff 2D 0.2 0.1 0.1 0.1 0.0 0.4
Wood/ Paper Stiff 2D 0.0 0.0 0.0 trace 0.0 0.0
Bones Stiff 2D 0.0 trace trace trace 0.0 0.1
Glass Stiff 2D 0.5 3.9 3.5 0.9 0.0 8.9
Neutral & 
Reinforcing Metals 1D 0.0 0.1 0.1 trace 0.0 0.2 0.2
Matrix Unidentified 
<5 mm 0D 0.0 0.0 0.0 0.0 60.5 60.5 60.5
Total, % 6.1 13.9 13.1 6.2 60.5 99.9 99.9
Diverting & 
reinforcing 12.5
Size (mm) Total, % Total, %
Neutral 26.7
Behaviour Components Dim
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Table 3.12: Material category, size distribution and shape (by % of total dry
mass) and their potential impact on reinforcement and fluid flow - Pitsea waste
>20 20 to 10 to 6.3 6.3 to 5 <5
Flexible 
Plastics
3D 0.4 0.0 0.0 0.0 0.0 0.4
Stiff Plastics 3D 4.4 0.4 0.1 0.1 0.0 5.0
Glass 3D 1.0 0.5 0.5 0.7 0.0 2.7
Ceramics/ 
Stones
3D 2.3 2.3 1.3 0.8 0.0 6.7
Metals 3D 2.0 0.2 0.0 0.1 0.0 2.3
Unidentified 
>5 mm 3D 1.6 0.2 0.0 0.0 0.0 1.9
Textiles 3D 0.4 0.4 0.4 0.4 0.0 1.6
Bones 3D 0.0 0.2 0.1 0.0 0.0 0.3
Paper 3D 1.3 0.7 0.2 0.1 0.0 2.2
Wood 3D 1.0 0.3 0.5 0.4 0.0 2.3
Flex. Plastic Flexible 2D 2.5 0.2 0.1 0.0 0.0 2.8
Stiff Plastic Stiff 2D 1.5 0.6 0.2 0.1 0.0 2.4
Ceramics/ 
Stones
Stiff 2D 1.5 0.6 0.1 0.0 0.0 2.2
Metals Stiff 2D 0.0 0.3 0.0 trace 0.0 0.3
Wood Stiff 2D 5.3 0.5 0.5 0.1 0.0 6.4
Glass Stiff 2D 5.3 9.3 4.5 1.0 0.0 20.2
Textiles Flexible 1D 0.0 0.0 trace 0.0 0.0 0.1
Stiff Plastic Stiff 1D 0.0 0.0 0.0 0.0 0.0 0.1
Flex. Plastic Flexible 1D 0.2 0.0 0.0 0.0 0.0 0.2
Metals Stiff 1D 0.4 0.0 0.0 0.0 0.5
Wood Stiff 1D 0.6 0.3 0.2 0.1 0.0 1.3
Paper Flexible 2D 2.7 0.5 0.2 0.1 0.0 3.4
Textiles Flexible 2D 0.2 0.0 trace 0.0 0.0 0.2
Matrix Soil-like 0D 2.0 1.3 1.4 0.2 29.4 34.3 34.3
Total, % 36.6 19.0 10.4 4.1 29.4 99.6 99.6
Size (mm)
Total Total
Neutral
Behaviour Components Dim
Diverting & 
reinforcing
Neutral & 
Reinforcing
Impeding & 
reinforcing
25.3
34.3
2.1
3.7
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3.5 Summary and conclusions
Mechanical biological treatment of municipal solid waste reduces the particle size
and eliminates certain components, particularly large and crushable elements from
the waste. Nearly 30% of analysed MBT residues were too small to be able to
identify the parent material. However, it was possible to distinguish visually the
material and the dimensionality (shape) of the larger particles, and to make at least
a preliminary assessment of whether these could act as reinforcing elements—fibre,
strings or sheets (1D and 2D), increasing the shear strength of the material—or
elements that divert or impede flow—sheets (2D). Particles made from imperme-
able materials such as plastic and metal will divert flow, while particles made
from less impermeable materials such as textiles and perhaps paper or card may
merely impede it. The 0D particles were considered to form a matrix into which
the other particles were embedded—for all wastes this was the material passing a
5 mm sieve. The minimum size of 1D and 2D reinforcing and diverting/impeding
particles requires further investigation, but in this framework it has been taken
as 5 times D50,matrix, i.e. 5 mm as D50,matrix was at about 1 mm. The large, 3D
particles were considered to be neutral in terms of their effect on shear strength
and flow paths, although this also requires further investigation. Potentially com-
pressible particles will be larger 3D elements, mostly presented in the coarsest
fractions (>20 mm). Some of those particles will be high-compressible and some
others—low-compressible at certain stress thresholds. Depending on their overall
distribution, the potentially compressible particles may have a significant effect
on the overall compressibility of wastes. However, their ratio is negligible in both
MBT residues, unrepresented in the IBA and taking less than 10% of the overall
mass in Pitsea waste. Further research studies are required to prove experimen-
tally whether the “matrix” material will be incompressible or not under applied
stress.
These observations have been used to develop a simplified version of Dixon and
Langer (2006) classification system, suitable for pre-treated wastes and at the same
time relating particle shape to mechanical and flow properties of the waste. It was
initially suited to MBT, and did not need to consider the material removed from
raw MSW during processing. The same framework was successfully applied for
categorization of other types of waste (IBA and shredded MSW) which showed
that it is feasible to different waste residues. However, the classification framework
was applied only on pre-treated wastes and shredded MSW with maximum particle
Chapter 3 Characterisation of different types of wastes 107
size of 80 mm. Further work is required to justify its relevance for estimation of
untreated MSW behaviour.
Thermal processes such as incineration eliminate completely the content of com-
pressible and degradable elements and the incinerator bottom ash residue could
be considered as inert.
Main findings from this chapter:
• The proposed classification system for pre-treated wastes is more simplified
than for untreated MSW.
• About a third of the MBT samples by mass was presented by the finest
fraction (<5 mm) and this was the matrix into which the larger particles
were embedded.
• 2D particles within a certain size range (five times larger than the surround-
ing matrix) will have an impact on the waste mechanical behaviour and flow
transportation. They were taking about 25% by mass of the entire MBT
samples. On one side 2D particles will have a reinforcing effect; on the other,
they will modify, divert, or impede the flow paths in the waste. Hence, the
large 2D particles embedded within the matrix (mainly presented by plas-
tics, glass and metal foils) should be a matter of consideration, regarding
stability and permeability/ flushing of the entire MBT waste body.
• Larger 1D particles will also have a reinforcing effect, but they were taking
just 3% of the entire MBT samples.
• Large 3D particles were over 40% of the entire MBT samples. They will
have a neutral effect on waste stability and flow transport and in this sense
they may be considered also as a part of the matrix. However, if they are
compressible, their shape may be changed under applied load from 3D to
2D and this certainly is going to have an effect on the pore space and flow
paths. Further research investigation is required for this justification.
• The reduction in particle size seems to be a pre-requisite for reduction of
potentially compressible particles in pre-treated wastes.

Chapter 4
Investigation of particle
compressibility
4.1 Introduction
Particle compressibility or volume reduction under stress is important and some-
times crucial for improved understanding of the mechanisms occurring in the waste
bodies in landfills. Although during the characterisation process it seemed that
the compressible elements have been significantly eliminated in pre-treated wastes,
such as MBT, yet there is a need to define this experimentally. At the same time,
the behaviour of deformable materials under stress conditions is still of major
consideration for untreated wastes, mainly because of their high content and con-
tribution to the overall compressibility and settlement in landfills. Knowing its
magnitude at certain stress thresholds will improve the settlement predictions in
conceptual landfilling models, help to estimate the magnitude of initial compres-
sion and the phase relationship changes with time. In addition, the deformation
of particles under increasing stress will cause changes in the waste structure, pore
space and flow paths.
The most impeding factors for measurement of particle compressibility by other
researchers so far have been the extreme heterogeneity of the MSW samples, their
decomposing and gassing nature. In addition, soil mechanics theory considerations
are usually being used for experimental data interpretation which may be not
applicable for highly deformable materials. For that reason was important first to
establish an accurate methodology for measurement of particle compressibility and
then apply it for estimation of its magnitude and effect on settlement. Considering
109
110 Chapter 4 Investigation of particle compressibility
previous constrains by other researchers, using large measuring devices (Beaven,
2000; Hudson, 2007; Chen et al., 2009), a small scale compression cell was used
to facilitate the experimental setting. Furthermore, Durmusoglu et al. (2006)
indicated that the compressibility parameters measured in small- and large-scale
consolidometers were quite comparable.
The experimental work was focused on investigation of particles compressibility
under increasing vertical load and/or pore water pressure (PWP). In order to avoid
measurement uncertainties of highly heterogeneous and decomposing samples as
MSW, initially experimental analyses on homogeneous ideal compressible materi-
als (expanded polystyrene beads and ping pong balls) were carried out. They were
considered as small scale representatives of some typical compressible elements in
waste (i.e. plastic bottles, cans) and their main advantages were the samples ho-
mogeneity and the relative simplicity for estimation of initial volume of solids.
The tests on deformable synthetic materials helped to develop a methodology and
provided a theoretical basis for estimation of solid phase compressibility, which
was applied later on tests with MBT waste samples.
4.2 Apparatus—Rowe cell
A Rowe cell (255 mm diameter), shown schematically in Figure 4.1, was used to
carry out tests on the ideal compressible particles and MBT waste. Compared
with the conventional oedometer, the Rowe cell has a number of advantages: it
has a hydraulic loading system which is less susceptible to vibration and enables
loading of up to 1000 kPa; the drainage and the applied pore water pressure can
be controlled and measured at any time of the testing; and it has a larger sample
size for more reliable data and testing of samples with bigger particle size, (Head,
1986).
According to BS1377-6 (1990), there are usually two ways of loading the specimen
in a Rowe cell—by applying a uniform stress distribution over the surface, named
“free strain” or through a rigid plate which maintains the loaded surface plane,
“equal strain”. With either type of loading a number of drainage conditions are
possible and are indicated diagrammatically in Figure 4.2. During the current
research, tests with one way vertical drainage only were used as this approach
ensured correct measurements of particle compressibility. Initially free-strain ex-
periments were carried out using a flexible diaphragm for the application of vertical
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Figure 4.1: Testing apparatus—Rowe cell
load— Figure 4.2 (a). At a later stage it was replaced by a rigid plate (Figure 4.2
(b)), due to problems with the obtained experimental data, as further explained.
The Rowe cell consists of three parts: a body, a lid/cover and a base. The lid
and the base are constructed usually from an aluminium alloy. The original,
aluminium body was replaced with a Perspex cylinder (255 mm diameter and
100 mm height) to enable visual observation of the system and digital images
to be obtained during testing (Figure 4.3). Initially, the cell cover was fitted
with a loading jack (diaphragm) of natural or synthetic rubber, the outer edge of
which provided a seal between the lid and the upper body flange. The diaphragm
transmitted a vertical load to the sample by water pressure acting on the top.
A plastic disc with radially placed holes (with diameter 5–3 mm), was placed
between the sample and the flexible diaphragm to ensure a uniform distribution
of the applied load over the top of the sample. The disc was covered by a mesh
to retain any fine particles passing through the porous disc and to prevent sealing
between it and the flexible diaphragm. An aluminium spindle was connected to
the diaphragm base, passing through the centre of the diaphragm and the lid; its
upper edge was connected by flexible tubing to the drainage valve fitted to the
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Figure 4.2: Drainage and loading conditions for consolidation tests in hy-
draulic cells (BS1377-6, 1990)
.
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Figure 4.3: Assembled Rowe cell with Perspex transparent body and a flexible
diaphragm
cover, Figure 4.1. The spindle moved downwards with the flexible diaphragm when
vertical load was applied. A linear voltage displacement transformer (LVDT) was
rigidly bolted to its blank upper end to indicate the vertical settlement changes.
The lid was connected through a valve to a pressure controller which applied
vertical load to the sample. The cell was fitted with an O-ring seal to the lower
body flange. At the centre of the base there were three drainage points—one
of them was connected through a valve to another pressure controller applying
back pressure. The other drainage point was connected to a pore water pressure
(PWP) transducer for indicating changes in the PWP. The third one was usually
used for filling up the Rowe cell with de-aired water before testing or for drainage
afterwards.
At the last stage of the PhD research, the flexible diaphragm was replaced by a
rigid non-porous metal plate with a rubber V-seal attached to the edge for better
sealing with the Perspex body. This was due to technical problems with de-
aeration of the entire system, coming from a formation of thin layer of air between
the upper edge of the flexible diagram and the perspex wall, which was crucial
for the data analyses and indeed, invalidated the experimental results obtained by
this point. An O-ring was fitted at the aluminium lid to improve of the seal with
the upper edge of the Perspex cylinder, which was earlier provided by the flexible
diaphragm. The same aluminium spindle passing through the lid was mounted
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a) b)
Figure 4.4: Apparatus set up with Rowe cell connected with a) GDS con-
trollers and PC running GDS Consolidation software and b) Nold de-aerator
to the rigid plate and in that way changes in the vertical settlement were still
measured. The same plastic disc, used earlier was placed between the sample and
the rigid plate with a fine mesh between both, mainly to prevent sealing.
The experimental set up is shown on Figure 4.4. The Rowe cell was connected to
four volume/pressure GDS controllers:
1. Controller one was connected to the flexible diaphragm through the lid and
applied incremental vertical load; it also measured the volume of water spent
for application of the load;
2. Controller two was connected to the centre of the base of the cell and applied
back (pore water) pressure; it also indicated the volume of liquid expelled
from the system on loading (outlet) or the volume pumped into the system
(inlet), depending on the testing methodology;
3. Controller three was connected to the lower part of the diaphragm by the
flexible tube passing through the aluminium spindle. Similarly to controller
two this controller could indicate changes in the back (pore water) pressure
and the volume of liquid flowing in or out;
4. Controller four was a reserve in case of failure of one of the other controllers.
The volume/ pressure controllers, the pore pressure transducer and the LVDT were
connected through a data logger to a computer, running a GDSLAB software
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consolidation programme (Standard Hydrocon) where the changes in the main
parameters (pressure, volume and settlement) were saved at pre-set time intervals
(usually every 30 or 60 seconds). The Rowe cell and the pressure controllers were
connected to a Nold-Dearator to provide a de-aired water supply (Figure 4.4b).
4.3 Materials
4.3.1 Idealised Compressible Particles
Two different types of idealised compressible materials were analysed: expanded
polystyrene beads produced from polystyrene foam and ping pong balls made
from hollow celluloid. Both were considered to be highly-compressible as they
were easily deformable by hand. On the other hand, they represented the two
types of compressible particles identified by Zhang et al. (2010), having intra-
voids connected to the inter-voids (expanded polystyrene beads), and intra-voids
closed to the inter-voids (ping pong balls).
4.3.1.1 Expanded polystyrene (EPS) beads
Simonini and De Ronch (2004) carried out compression tests using expanded
polystyrene and indicated that this material is analogous to MSW in its mechan-
ical response and high deformation at applied stress. For that reason, EPS beads
were initially considered as an ideal compressible material representing MSW, and
particles with diameter 3 mm were used for investigation of their compressibil-
ity under increasing load applied. However, during the initial tests in the Rowe
cell, problems occurred with saturation of this material—gas was expelled from
the beads on application of loading stress, which was not considered by Simonini
and De Ronch (2004) as they soaked them in raisin prior testing. As these were
the first tests in the Rowe cell where the original aluminium body was used and
there was a lack of transparency, the understanding of the problem was even more
complex. To clarify the mechanism of increasing quantity of gas within the cell,
a simple test was carried out using a small transparent container filled with EPB
and de-aired water. A constant load was applied on the top of the sample and it
was left for a few days. Settlement was observed as a result of partial compression
of the EPS beads and gas from their internal structure was released, shown in
Figure 4.5.
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Figure 4.5: Formation of structure of EPS beads under load and gas release
a) b)
Figure 4.6: Structure of EPS beads: before compression (control from the
scale in Figure 4.8) and after compression (1 from the scale in Figure 4.8)
Investigations of the internal structure of the EPS beads were also carried out using
digital microscope images. In Figure 4.6 a), the small light spots are attributed to
the gas formations within the polystyrene structure. In Figure 4.6 b) where the
bead was already compressed, air formations could not be observed as they had
already been squeezed out of the particle. From this was confirmed the presence
of gas formations within the internal structure of the polystyrene beads due to
manufacturing. Further investigations were therefore carried out to identify the
mechanisms of the gas expulsion under applied load and whether this could be
substituted by water under certain conditions. The liquid absorption of the beads
was analysed by placing a sample in a dessicator, filled with de-aired water in a mix
with blue ink. (Figure 4.7). The dessicator was connected to a vacuum pump and
when the system was closed, vacuum was applied. The aim was to determine if the
internal gas within the EPS structure would come out and be partially replaced by
the water (indicated by the ink). During this experiment, intensive gas extraction
was observed. At the end, the beads reduced their size irrecoverably as a result of
gas extraction and water have not passed through their structure (Figure 4.7 c).
This was explained with the specific surface of the beads—probably absorptive to
gas but not to liquids.
After the first test in the Rowe cell, an example scale of compressibility from 1
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a) b) c)
Figure 4.7: De-aeration of polystyrene beads
to 6 of the EPS beads was developed (Figure 4.8). In the scale, 1 represents the
most compressed shape which was completely flattened, 6 is almost uncompressed
with similar shape and volume to the initial particles (indicated by the control
specimen). It was also noticed that these particles underwent plastic deformation
and did not recover their initial volume and shape. The scale was used to indicate
quantitatively that the deformation of individual particles is not uniform within
the entire sample. Depending on their position inside the cell, they might squash
to a completely flat shape (1) or may not experience significant deformation (5
and 6). It was also noted that the maximum load for this sample was 80 kPa
and for later tests with higher load applied, all beads were completely compressed
(corresponding to 1 from the scale).
In summary:
• EPS beads release gas in saturated conditions even at very low stress levels;
• the EPS surface is permeable to gas/air but not to water;
• these particles have intra-voids, connected to the inter-voids space Zhang
et al. (2010);
• some particles compress before others, and
• gradual compression of the entire sample is by differential compression of
individual particles.
4.3.1.2 Ping pong balls
Initially, tests were carried out using coloured ping pong balls (Figure 4.10). These
are hollow particles with an average diameter of 39.5 mm, consisting of thin walls
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Figure 4.8: Compressibility scale of EPB
of celluloid (with an average thickness of 0.3 mm) and gas trapped internally. The
initial volume of each particle was known as well as the number of balls used for
each test, hence the total initial volume of solids (defined as the space enclosed by
the celluloid shells) was easily estimated. Their reduction in volume as a result
of the internal gas compression under increasing vertical load and/or pore water
pressure was calculated at each experimental stage. It was expected that these
particles will rupture and collapse or crush under a certain pressure threshold, and
that some of the gas/air trapped inside will then be released into the cell. In this
behaviour, the ping pong balls were considered to act as small scale representatives
of commercial plastic bottles or other hollow containers within the MSW, buried
with closed caps and air trapped internally. On a landfill site they may compress
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Figure 4.9: Polystyrene beads compressed in a Rowe cell
as a result of placement activities (compaction) and the overburden stress of the
additional daily covers (although crushing may inhibit this to some extent). Hence,
the ping pong balls can be considered as compressible particles with inter-voids
closed to the inter-voids space Zhang et al. (2010). This will change at a certain
stress threshold when they eventually rupture and/or crush and release the the
internal gas into the pore space.
Additionally, white ping pong balls with the same average diameter were used.
They had slightly thinner walls and hence were a bit more compressible by hand
than the coloured ping pong balls. This may result in slight differences between
the measured particle compressibility of both types of balls. For example the white
ones ruptured at a threshold stress of 160 kPa while the coloured balls at 320 kPa.
A number of tests were carried out and for each of them exactly 64 balls were used
to ensure the same initial volume and comparison of the experimental results.
4.3.2 Mechanically-biologically pre-treated waste (MBT)
The size of the experimental cell (255 x 100 mm) was considered when the par-
ticle size of the MBT samples was chosen. According to Beaven (2000), in 1D
compression, the particle size of the sample should be five to ten times smaller in
magnitude than the cell diameter. In this case 25–40 mm particle size was the
maximum to ensure representative enough results. The tested sample of waste
residue was recovered from a mechanical-biological treatment facility in Southern
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Figure 4.10: Setting up the Rowe cell with coloured ping pong balls and their
deformation after testing
Figure 4.11: Rowe cell tests with MBT waste with the flexible diaphragm and
rigid plate
England (described in details in Chapter 4). The nominal particle size of the
material used for the analyses was either 0–9 mm or 0–10 mm.
Sample preparation
In order to ensure compatibility between each test, samples with the same mass of
approximately 1500 g were used. Each sample was divided into three sub-samples
(of 500 g), placed consecutively in the Rowe cell. Each layer was compacted
slightly to an average density of 0.35–0.41 g/cm3 with the help of a wooden disk,
attached to a handle. The overall initial density of the samples was 0.37 g/cm3.
After placing the third layer, the sample was covered by a fine mesh and a plastic
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disk. Then the lid was placed and the Rowe cell assembled. The MBT sample
was then flushed with CO2 to prevent any air to be trapped during saturation.
Additionally, methane generation inhibiting reagents—2-brome-ethane-sulfonate
and sodium molybdate, (Chae et al., 2010; Ranade et al., 1999) were mixed with
the de-aired water before filling up the Rowe cell.
4.4 Method statement
To determine the particle compressibility (from Equation 4.7), controllers one and
two were used to indicate and apply changes in pressure and volume. These two
controllers had a maximum capacity of 1000 cc which ensured a longer testing time
before being re-filled, while controllers three and four had a maximum capacity of
200 cc.
4.4.1 Setting-up the Rowe cell before testing
A number of steps were followed to ensure that leakages and other possible im-
peding factors were prevented prior testing:
• Connecting the water supply pipes between the Rowe cell, GDS pressure/vol-
ume controllers and Nold deaerator;
• Calibrating the pressure/volume controllers, pore pressure transducer and
LVDT;
• Connecting the pressure controllers, pore pressure transducer and the LVDT
with a data logger and a computer, running GDS consolidation software
programme (Standard Hydrocon);
• Introducing of de-aired water (from Nold de-aerator) though the entire Rowe
cell system without any application of pressure. It was left for at least 24
hours to check for eventual leaking spots;
• Increasing pressure steps were applied (up to 500 kPa considering the Per-
spex secure pressure limit) using all pressure controllers and similarly to
the previous step, the system was left in that state for at least 24 hours
to indicate possible leakages from different parts of the Rowe cell, pressure
controllers and water supply connections between them;
122 Chapter 4 Investigation of particle compressibility
• Sealing leaks detected in the previous two steps;
• Calibrating the computer GDS consolidation programme to ensure a correct
data saving;
• Repeating some of the above steps at various time intervals, such as leakage
tests, calibration of the LVDT and the pressure controllers.
Before the beginning of each experiment, a number of steps were also followed:
• Applying silicone grease on the O-rings at the base and the lid of the cell;
• Applying silicone grease on the base and the top of the perspex cylinder;
• Placing the perspex body on the base and ensuring there is a good sealing
with the O-ring;
• Placing a coarse mesh, covered by a fine sized mesh at the bottom of the
cell. For the tests on MBT, a layer of geotextile to prevent migration of very
fine particles into the pressure/volume controller was also used.
• Placing the sample in the Rowe cell.
• Assembling the Rowe cell by eight clamping bolts;
• Flushing with CO2 for a few minutes under and above the rigid plate, then fill
with de-aired water. The CO2 flushing was essential to ensure fully saturated
conditions.
• Ensuring there is no air trapped in between the pipe connections and the
pressure controllers. For that purpose the controllers were emptied/ refilled
with de-aired water before testing and a free drainage of water was ensured
to run through the connection pipes before them being connected to the cell;
• Zeroing the pressure controllers against the atmospheric pressure before test-
ing. This was important because differences between the different controllers
and the software programme were observed in the magnitude of 5-6 kPa.
4.4.2 Methods
Three different methods were followed in order to observe the particle compress-
ibility behaviour at different pore water pressure and effective stress conditions.
The testing methodology was summarised in Table 4.1.
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Table 4.1: Testing methodology
(kPa) Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6
Method 1
σv 0 20 40 80 160 320
σ′v 0 20 40 80 160 320
uw 0 0 0 0 0 0
Method 2
σv 320 320 320 320 320 320
σ′v 0 20 40 80 160 320
uw 320 300 280 240 160 0
Method 3
σv 0 20 40 80 160 320
σ′v 0 20 40 80 160 320
uw 0 0 0 0 0 0
4.4.2.1 Method 1
The PWP was kept constant at ≈ 0 kPa. Increasing vertical load was applied at
consecutive steps: 0–20–40–80–160–320 kPa; thus the effective stress was equal to
the applied load.
4.4.2.2 Method 2
The PWP and the vertical load were increased to 320 kPa. After that the PWP
was reduced in steps: 300–280–240–160–0 kPa; in that way the effective stress was
increased consecutively: 0– 20–40–80–160–320 kPa.
4.4.2.3 Method 3
The PWP and the vertical load were increased consecutively at loading steps:
0–20–40–80–160–320 kPa, so that the effective stress was kept ≈ 0 kPa.
4.4.3 Theoretical considerations and assumptions
The following parameters were taken into consideration:
1. Overall volume change (∆VT )—it is calculated from changes of settlement
at each point of testing:
∆VT = A×∆h (4.1)
124 Chapter 4 Investigation of particle compressibility
where A is the cross-sectional area:
A = pir2 (4.2)
and ∆h is the change in height from
∆h = h0 − hi (4.3)
h0 is the initial height at the beginning of the test and hi is the height of
sample at any point during testing;
2. Change in volume of voids—assuming that the sample was fully saturated,
this was measured by the outlet pressure controller, i.e. the volume of water
expelled (∆VOut) at any point during testing. It was noted that a certain
volume was expelled from the system due to expansion of the diaphragm
(∆Vdexpan), for the tests before it was substituted by a rigid plate, and this
error was taken into account:
∆VOutvoids = ∆VOut −∆Vdexpan (4.4)
where
∆Vdexpan = ∆VIn −∆VT (4.5)
and ∆ VIn is the volume of water going into the flexible diaphragm for the
application of vertical load, measured by pressure controller 1 and ∆VT is the
total volume change of the sample, calculated form the vertical displacement.
For the tests with rigid plate, this measurements were simplified and the
Volume Out represents changes in the volume of voids.
However, for some of the experiments, internal leaks were identified through
the rigid plate and this was taken into account.
3. Particle volume change or compressibility (∆VP )—it was assumed that in
fully saturated conditions, or where compression of the free air in the con-
nected voids may be neglected (e.g. because the pore pressure does not
change), the particle compressibility will be:
∆VP = ∆VT −∆VOutvoids (4.6)
Chapter 4 Investigation of particle compressibility 125
From Equations 4.4 and 4.5:
∆VP = ∆VIn −∆VOut (4.7)
In other words, the change in the volume of particles is given by the difference
between the volume of water pushed into the system on application of the
vertical load and the volume of liquid expelled from the system as a result
of that load. Calculations of particle volume change were based on Equation
4.7.
4. Effective stress— according to Powrie et al. (1999), for waste the effective
stress (σ′) will be different from in conventional soil mechanics:
σ′ = σ − Auw (4.8)
where
A = 1− Cs
C
(4.9)
from Equation 2.21 and is reported to be between 0.19 and 0.57 for municipal
solid waste (MSW), but it has not been established if is relevant to an MBT
waste. However, for some of the graphical plots in the following section
(5.4.), the effective stress represents the difference between vertical load and
pore pressure.
4.5 Results
The results presented hereafter are based on tests with the rigid plate and the
flexible diaphragm. Due to problems with achieving initial saturation, some of
the results with the diaphragm were modified accordingly in order to fit with the
rigid plate data. Compressibility of solids was measured as a difference between
the total volume change—VT (or volume going into the system for loading—VIn)
and the volume of water expelled due to particles rearrangement (VOut). The
mechanism of deformation in the EPS beads complicated these measurements
as the sample could not remain saturated. However, it was considered that the
volume of water expelled would be as a result of particles rearrangement and
the volume of gas—due to particles squashing. For the ping pong balls, particle
compressibility measurements were easier as the inner gas was isolated from the
126 Chapter 4 Investigation of particle compressibility
Table 4.2: Properties of EPS beads at Rowe cell testing
Sample Stage Mass Gs ρd γ VT VV VS e v n
[g] [g/cm3] [kN/m3] [cc] [cc] [cc]
EPS 1
initial 42.5 0.026 0.01 0.1 4185.7 2551.1 1634.6 1.6 2.6 0.6
final 42.5 1.05 0.10 0.9 441.54 0.0 441.54 0.0 1.0 0.0
EPS 2
initial 38.4 0.026 0.01 0.1 3777.3 2300.4 1476.9 1.6 2.6 0.6
final 38.4 1.05 0.12 1.2 316.5 0.0 316.5 0.0 1.0 0.0
EPS 3
initial 38.6 0.026 0.01 0.1 4083.6 2606.6 1476.9 1.8 2.8 0.6
final 38.6 1.05 0.07 0.6 592.1 0 592.1 0 1 0
void space and was compressing internally. However, in the last loading step, the
balls started rupturing and the inner gas—released in the inter-void space, so that
the system was not any more saturated. By a similar approach to the EPS beads,
the volume of water expelled afterwards would be due to changes in volume of
voids and the gas—due to changes in volume of solids.
4.5.1 Expanded polystyrene beads
All presented results are based on experiments using the rigid plate; the results
from the flexible diaphragm were not included. Due to problems with saturation
of the EPS (as they released gas at loading, described in more details in 4.3.1.1),
only measurements following Method 1 were applied for this material (Section
4.4.2). Experiments 1 and 2 were on dry samples where the outlet was an open
valve to the atmosphere, hence the volume of gas/ air expelled during testing was
not measured. Experiment 3 was with an initially saturated sample, although gas
was released intensively from the beads, even at very low loading values. The
volume Out expelled from the system was measured throughout the experiment
by controller 2. The volume of water and gas were distinguished at each empting
of the controller when its maximum capacity was achieved.
Some of the calculated geotechnical parameters at the beginning and at the end of
each test are summarised in Table 4.2. The specific gravity (particle density), GS,
was determined using a standard gas jar method (BS1377-2, 1990). The initial
specific gravity was very low—0.026 due to the manufacturing process of the EPS
grains. However, under applied stress GS increased significantly as a result of
the particle compression and the releasing of the internal gas from their structure
into the system. At the end of the tests, the specific gravity was estimated to
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be close to the manufactured polystyrene. The total volume, calculated from the
changes in vertical settlement, reduced significantly—by a magnitude of 10 times,
whereas the dry density and unit weight increased by the same magnitude. The
changes in volume of voids were not measured during the first two tests as the
samples were compressed dry, with an outlet open to the atmosphere. However, it
was apparent at the end of those tests that the volume of voids was dramatically
reduced to approximately zero (Figure 4.12). Hence the final samples volume was
taken by the volume of solids whose shapes completely flattened and comprised a
highly dense, layered structure. Although the initial void ratio and porosity were
relatively high, they also reached approximately zero values as a result of the voids
losses.
Figure 4.12: Dense compaction of EPS beads after 320 kPa loading
Figures 4.13–4.15 show the time related settlement changes. For each incrementing
stage, immediate compression was taking place within the first 30 to 60 min and
then slow creep-like settlement was observed, which took between 4 to 24 hours.
The creep-like settlement, although at a very low rate, would be continuous and
for that it was proceeded to the next stage when the curve was with a well formed
plateau. From Figure 4.16 is evident that the polystyrene beads are undergoing
plastic deformation on loading. The stress-strain curves from the three tests are
quite similar (Figure 4.17) and show a very high reduction in the sample thick-
ness by nearly 90%. Apparent rebounding of the particles on unloading was not
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observed, which is as a result of irrecoverable deformation in their shape. The
highest rate of settlement (respectively total volume change) was at loading of 80
kPa (by 40% from the initial thickness). In the next two stages, although at much
higher load (160 and 320 kPa), strain reduced significantly, taking about 13-14%
for each stress increment.
Total volume changes were calculated from the settlement variations and the fig-
ures of total volume strain over vertical stress are the same as the normal stress-
strain curves (Figure 4.17).
Figures 4.18–4.20 show comparative changes in volume of water used in controller
1 for application of vertical load (volume In) and the total volume (calculated
from settlement) at the end of each stress increment. It is apparent that both
curves follow almost identically each other. This evidenced that the measuring
devices were calibrated accordingly and the volume changes indicated by both—
pressure controller and LVDT were correct. It also indicated that there was no
internal leakage in the experimental system. This is additionally emphasised in
Figures 4.22–4.24, where the volume changes are plotted against time. The larger
difference between these curves at the end of test 3 (saturated) was due to leak
from the Rowe cell lid. For the same test, the volume Out was larger than the
volume In/ total volume. The possible explanation was that the gas, released
from the internal EPS structure, expanded inside the cell. Another possibility was
a measurement error coming from the GDS controller, which is usually utilized
for liquid, rather than gas volume measurements. However, if the controller mea-
surements seemed correct (as the pore volume was kept at ∼ 0 kPa, i.e. at the
atmospheric pressure), than the volume of gas expanded (after being pushed out
from the beads) and over-exceeded the total volume. In that case, the calculation
of the particle compressibility as a difference between volume In and volume Out
will not be accurate for this type of particles and a slightly different method should
be adopted. The sample was saturated initially and from that can be assumed that
the changes in volume of voids from the particles rearrangement can be measured
by the volume of water expelled. Hence, all the gas volume could be related to
squashing of the EPS grains under load. In other words, particle compressibility
at each stage can be measured by the difference of total volume and volume of
water expelled.
Due to the unsaturated constrains, it was not possible at this stage to plot particle
compressibility against total volume change.
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Figure 4.13: Settlement vs time—EPS beads, experiment 1
Figure 4.14: Settlement vs time—EPS beads, experiment 2
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Figure 4.15: Settlement vs time—EPS beads, experiment 3
Figure 4.16: Settlement vs log vertical load—EPS beads
Chapter 4 Investigation of particle compressibility 131
Figure 4.17: Stress-strain behaviour of EPS beads
Figure 4.18: Volume changes vs load—EPS beads, experiment 1
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Figure 4.19: Volume changes vs load—EPS beads, experiment 2
Figure 4.20: Volume changes vs load—EPS beads, experiment 3
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Figure 4.21: Total volume change over stress of all EPB samples
Figure 4.22: Volume changes vs time—EPS beads, experiment 1
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Figure 4.23: Volume changes over time—EPS beads, experiment 2
Figure 4.24: Volume changes over time—EPS beads, experiment 3
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4.5.2 Ping pong balls (PPB)
Methods 1, 2 and 3 were applied for measurement of particle compressibility of
these materials. The experimental results of four tests were used for the data
analyses hereafter. Two of them were carried out with the rigid plate for applica-
tion of vertical load (white and coloured) and the other two were with the flexible
diaphragm (coloured balls).
The time history of settlement is shown in Figures 4.25–4.28. Again, the most of
the settlement is taken by the immediate compression, followed by a slow creep-
like behaviour. The immediate compression increased progressively at higher stress
increments and took respectively between 15–80 min. The creep-like settlement
was a continuous process and was proceeded to the next stage when the curve
formed a well defined plateau. It would take about 30% for each load increment:
the highest was at 20–40 kPa (35%) and the lowest was at 160–320 kPa (27%).
The PPB underwent also a very high deformation of nearly 80% by strain (Figure
4.30). However, they revealed different compression behaviour than the EPS:
the highest range in strain (30% from the total settlement) was reached at the
last loading increment of 320 kPa; the lowest was in the first two loading stages
(respectively by 5% and 9%). During the other testing stages, the strain change
was by 17–18% for each of them. At the same time, Figure 4.29 indicates that even
at 320 kPa, the ping pong balls have not reached their maximum compressibility
and will undergo further deformation at higher load application.
On Figures 4.31–4.34 are shown volume changes (VT , VIn, VOut and VS) with time.
The differences between volume In and total volume in 4.31 were attributed to an
internal leak through the V-sealing of the rigid plate or the accuracy of the LVDT
which was re-calibrated after. However, even with internal leakage, the calculation
of solids compressibility as the difference between volume In and volume Out was
still valid. For the other rigid plate experiment—test 4 (Figure 4.32), VIn and VT
curves were almost identical, showing that this PPB test was the most accurate.
At a certain point in the last load increment (160–320 kPa), VOut increased with a
higher magnitude than VIn/VT . This was as a result of cracking/crushing of the
ping pong balls and expulsion of the internal gas into the void space, observed to
occur at a stress threshold of about 280 kPa. Beneath this level, the inner gas
would just compress internally. On Figure 4.39 is shown the solids compressibility
as a function of the total volume change. There is a difference in the results
between the two tested samples with the rigid plate and the ones, tested with the
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flexible diaphragm. This could be as a result of higher compressibility of the white,
compared to the coloured balls, and due to an error coming from the diaphragm,
leakages and accuracy of the instruments, as previously mentioned. Nonetheless,
the overall tendency on application of higher load increments is increasing rate of
particle compressibility as a mechanism of total volume change. For the coloured
ping pong balls, it reached up to nearly 40% of the total volume change at 320
kPa. It should be noted that at higher loading, the particle compressibility will be
the dominant mechanism of settlement and its rate will increase on loading. The
volume reduction of the particles will be due to compression of the internal gas,
followed by crushing of particles shells and when the intra-gas will escape in the
inter-void space.
In test 5 (which followed method 2), pore pressure increased consecutively at
loading stages of up to 320 kPa. In that way was aimed to keep zero effective stress.
Until a certain stress level (about 150–160 kPa), no settlement was observed,
neither volume changes on inlet or outlet. At this point, probably because of the
greater internal pressure, the balls started cracking and in a result, the pressures
dropped down. The pressures than would build up again until new crushing of
particles takes place (Figures 4.41–4.44).
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Figure 4.25: Settlement vs time—white ping pong balls, rigid plate
Figure 4.26: Settlement vs time—coloured ping pong balls, rigid plate
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Figure 4.27: Settlement vs time—coloured ping pong balls, flexible diaphragm
(test 2)
Figure 4.28: Settlement vs time—coloured ping pong balls, flexible diaphragm
(test 1)
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Figure 4.29: Settlement vs vertical load—all tests with ping pong balls
Figure 4.30: Stress-strain behaviour—all tests with ping pong balls
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Figure 4.31: Volume changes vs time—white ping pong balls (test 3)
Figure 4.32: Volume changes vs time—coloured ping pong balls, rigid plate
(test 4)
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Figure 4.33: Volume changes vs time—coloured ping pong balls, flexible di-
aphragm (test 1)
Figure 4.34: Volume changes vs time—coloured ping pong balls, flexible di-
aphragm (test 2)
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Figure 4.35: Volume changes vs effective stress—white ping pong balls
Figure 4.36: Volume changes vs effective stress—coloured ping pong balls,
rigid plate
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Figure 4.37: Volume changes vs effective stress—coloured ping pong balls,
flexible diaphragm (test 2)
Figure 4.38: Volumetric strain vs load—all tests with ping pong balls
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Figure 4.39: Solids volume changes as a percentage of total volume—all ping
pong balls
Figure 4.40: Volumetric strain (VT and VS)—test 4 with rigid plate
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Figure 4.41: Volume changes vs pwp and vertical load—ping pong balls, rigid
plate (Method 2)
Figure 4.42: Volume changes (VS and VT ) vs pwp and load—ping pong balls,
rigid plate (Method 2)
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Figure 4.43: Volumetric strain (VT and VS) vs pwp and vertical load—ping
pong balls, rigid plate (Method 2)
Figure 4.44: Volumetric strain (VT and VS) vs pwp and vertical load at the
end of the stages—ping pong balls, rigid plate (Method 2)
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Table 4.3: Properties of MBT at Rowe cell testing with rigid plate
Sample Stage Mass Gs ρd VT VV VS e v n
[g] [Mg/m3] [kN/m3] [cc] [cc] [cc]
MBT
initial 1500 1.63 0.41 3675.2 2755.0 920.2 3.0 4.0 0.73
final 1500 0.73 2087.2 1064.9 920.2 1.2 2.2 0.51
4.5.3 Mechanically-biologically pre-treated waste (MBT)
A number of saturated MBT samples were tested at an earlier stage with the
flexible diaphragm, following methods 1, 2 and 3 (Section 5.3.2.). From these
tests the maximum particle compressibility was estimated to be approximately
400 cc from all methods used (Appendix A). However, at a later stage it was
reconsidered that these results may not be correct due to saturation problems
coming from the flexible diaphragm sealing to the Perspex wall of the cell. The
rubber diaphragm was replaced by a rigid plate and the same set of experiments
repeated, following method 1.
Some of the main parameters changes during testing are included in table 4.5.3.
The specific gravity (particle density), GS was about 1.63, measured by a standard
gas jar method (BS1377-2, 1990). The MBT sample underwent a very high overall
settlement of about 50% from the initial thickness. The settlement time history
throughout the test is shown in Figure 4.45. Apart from the first load increment
(0–20 kPa) where the settlement was the highest (13%), for all the other stages
it was evenly distributed, taking about 8–10% for each. Similarly to previous
tests with compressible particles, the most of the settlement is taken from the
immediate compression. In contrast to the compressible materials though, the
immediate compression took the longest time during the firs load increment (35
min) and was the fastest in the last load increment (15 min). For the other loading
stages this process was about 20–25 min long.
The sample underwent a significant total volume reduction (calculated from set-
tlement), which unlike the compressible materials was due to reduction in volume
of voids, as the initial dry density was very low—0.4 g/cm3. The volume of solids
remained relatively constant (Figure 4.48) but because of the large voids volume
reduction, the void ratio and porosity also reduced significantly.
The relationships settlement–vertical stress and stress–strain look quite similar
to soils (Figures 4.46 and 4.47), which suggests that the particles in the MBT
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may be incompressible, or their compressibility is so low that will not have a
significant impact on the settlement process. The particle compressibility was
trivial, calculated as a difference between the volume In and the volume Out
(Figure 4.48). It was noticed an increasing disparity between volume In/ Out and
the total volume (calculated from settlement) at the last two increment stages.
This was explained with a possible internal leakage through the rigid plate’s V-
seal, which may occur at a certain point during testing (most probably at higher
pressure). Similar internal leak was not observed in each experiment, so it would
be rather random. Nevertheless, this was not considered as an impeding factor
for the particle compressibility calculations, as a difference between volume In and
volume Out.
The data from this MBT test (with rigid plate) was compared to the old experi-
ments (with the flexible diaphragm). It was established that the measured particle
volume change from the old experiments is actually an error due to air trapped
above the sample, expansion of the diaphragm, etc. From that, the total volume
change was back calculated by subtracting this error, as well as the settlement.
The new, corrected data was compared to the rigid plate test (Figure 4.51). It is
apparent that the curves fit quite well with each other which is an evidence that
previously measured compressibility of the solids in the MBT waste is not accurate
and in reality, these particles are incompressible (or very low compressible).
In summary:
• the earlier results obtained with the flexible diaphragm were incorrect;
• the solids in the MBT waste are incompressible (or their compressibility is
very low so that might be ignored); and
• this MBT residue has a mechanical response to 1D compression similar to
soils.
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Figure 4.45: Settlement vs time—MBT
Figure 4.46: Settlement vs vertical load—MBT
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Figure 4.47: Stress-strain behaviour—MBT
Figure 4.48: Volume changes vs time—MBT
Chapter 4 Investigation of particle compressibility 151
Figure 4.49: Volume changes vs effective stress—MBT
Figure 4.50: Void ratio and specific volume vs effective stress
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Figure 4.51: Settlement vs effective stress—MBT with rigid plate, compared
to the corrected results with flexible diaphragm
Figure 4.52: Total volume change vs effective stress—MBT with rigid plate,
compared to the corrected results with flexible diaphragm
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4.6 Discussion
Settlement in saturated soils is mainly controlled by the rearrangement of the
solid particles at the expense of the void space. The solids may also experience
distortion at loading which however is irrecoverable and in reality they do not
undergo volume reduction, apart from crushing of some particles at very hight
stress levels. Exception make only calcareous sands which may experience particle
breakage even at lower stress levels (Coop and Atkinson, 1993). The settlement
process in deformable solids, such as MSW is different. Experimental observations
using compressible materials established two main mechanisms of settlement: com-
pressibility of particles and their conventional rearrangement. Depending on the
stress level the particle compressibility can have a significant effect on the overall
settlement taking up to 40% from the total volume reduction at 320 kPa stress
4.39. At lower stress levels the dominant settlement mechanism was the rearrange-
ment of the particles but at higher stress they will compress significantly and this
mechanism will prevail gradually.
If as highly compressible are considered 3D particles with internally trapped fluid,
the deformation will occur as a result of compression or expulsion of the intra-
void fluid into the inter-void (pore) space (Zhang et al., 2010). They may be: i)
connected to the inter-voids, or ii) not connected to the inter-voids space (isolated
by the particle’s shell). The EPS beads had represented the first group and their
deformation was irrecoverable, occurred as a result of squeezing of the internally
trapped gas into the pore space. They are highly compressible and the most
of the volume change was achieved at a stress threshold of 80 kPa. The shape
of particles also changed dramatically as a result and converted from spherical
to flat, e.i. from 3D compressible to 2D incompressible. The ping pong balls
will represent the second group of compressible particles—with closed intra-voids
to the pore space. The internal gas compresses under a certain stress threshold
(about 280 kPa— Figure 4.53), when the walls of the shells started crushing under
the pressure force and the inner gas was released as well in the inter-void space.
Despite the volume change the particle experienced, their shape deformed but
still remained 3D at a maximum overburden stress of 320 kPa applied. However,
at further load increments (500 kPa) their shape flattened and also converted
into two dimensional. The tests using ping pong balls indicated that they would
compress as a result of two factors—increasing pore pressure (even though the
effective stress was zero) and increasing total stress (even though the pore pressure
was zero). The mechanisms would be different though: as expected, settlement
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and respectively rearrangement of the particles was not observed at zero effective
stress. The contacts between the particles got weaker and they were compressing
due to the acting surrounding pressure, which resulted eventually in rupture or
crushing, although the particles crushed consecutively, rather than simultaneously.
In the case when vertical load was applied only and the pore pressure was zero,
settlement and rearrangement of the particles was observed. At the same time,
they experienced significant deformation and eventual rupture/crushing, which
does not correspond exactly to the conventional effective stress definition, where
particle compressibility is attributed to rising pore pressure only.
In homogeneous samples, the compressible particles tend to form a structure with
contact points between themselves. Under vertical load, the solids will push each
other through the contact points and that is where the compression of individual
particles will start. At higher stress increments, the contacts will become closer
and larger and the particles gradually will form a structure by inter-embedding
into each other. At the same time, the volume of voids will reduce as a result
of particles rearrangement, and will be gradually substituted by the deformed
solids. The overall result of these processes will be significantly reduced void ratio,
porosity and and compacted waste structure which is going to affect inevitably
the leachate flow rate and reduce the contaminants flushing out. A tendency
of horizontal layering of the components at higher stress was noticed, as was
earlier mentioned by Langer (2005). It means that depending on their content
in MSW, the compressible components will have strong influence on the structure
formation and modification of void space (flow paths). This is an important factor
of consideration, especially for establishment for classification system for waste,
containing similar deformable components. The effect on flow and mechanical
properties will also change—from 3D neutral to 2D flow diverting and reinforcing.
These observations suggested that the compressible particles will play a significant
role for the volume reduction and settlement during the intermediate compression
and partially during the primary settlement in landfills. The higher the applied
stress level is, the stronger their impact on landfill settlement will be. However,
the role of the particle compressibility mechanism on settlement will depend on
the content of compressible materials and whether they are with intra-voids con-
nected to the inter-voids (as the EPS grains), or isolated from the pore space (as
the ping pong balls). The first group of compressible solids underwent maximum
compressibility at lower stress threshold of 80 kPa whereas the ping pong balls
needed a lot higher stress levels—500 kPa. This suggests that the compressibility
behaviour of 3D elements in MSW will depend on the material they are made of
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but also on the intra-void connectivity with the inter-voids space. Particles made
of solid materials would require higher compressive stress (e.g. aluminium cans,
plastic bottles), especially if their inner voids are internally trapped or isolated.
Compressible materials with intra-voids connected to the pore space will require
less loading force to reach their maximum compressibility. Once they compress to
this maximum threshold not further volume change will take place and they will
be converted from 3D compressible into 2D incompressible. Referring to the waste
classification in Chapter 4, the amount of potentially reinforcing particles will in-
crease over time and stress. The experimental tests also proved that the individual
particles in the UK MBT (sieved additionally to 9 mm) are incompressible and
have soil-like behaviour with increasing vertical load. From that it was established
that all particles in the fine fractions (<5 mm), hence the “matrix” material were
incompressible.
It was established that MBT processing converted the highly heterogeneous MSW
into more homogeneous material. The large and compressible components have
been removed and as a result, the experimentally tested MBT showed mechanical
response to 1D compression similar to soils—the measured particle compressibility
was insignificant and the overall compressibility was due to their rearrangement.
The high overall compressibility of nearly 50% was as a result of the very low initial
density of 0.4 g/cm3. These results should provide better background for improved
conceptual modelling of MBT landfills, using conventional geo-technical principles
for settlement under overburden stress. The phase relationship changes will also
be simplified, having eliminated the compressible solids and reduced significantly
the biodegradation potential.
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Figure 4.53: Indication of rupture moment of coloured ping pong balls (test
4)
Figure 4.54: Compressibility and formation of structure in EPS beads
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Figure 4.55: Compressibility and formation of structure in ping pong balls
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4.7 Summary and conclusions
• Deformation of particles occurs as a result of both increasing pore water
pressure and effective stress
• Two different mechanisms of particles compressibility were observed:
– gradual squashing while the internal fluid is released through a porous/
permeable surface of solids, i.e. with intra-voids connected to the inter-
voids;
– gradual compressing of internal gas—intra-voids, which were completely
isolated from the surrounding pore space (inter-voids) by an imperme-
able surface. The internal gas pressure will increase gradually under
stress until it causes rupture of the particles surface and in that way
will escape into the outer voids.
• Plastic deformation of both types of materials was observed at each stress
increment stage.
• The EPS beads indicated maximum compressibility at different stress thresholds—
80 kPa, while the ping pong balls continued compressing at 320 kPa and
reached maximum compressibility threshold at 500 kPa.
• Two major settlement mechanisms were indicated in homogeneous samples
of deformable solids:
– particle rearrangement
– particle compressibility
At lower stress levels particle rearrangement will be dominant but at higher
stress, particle compressibility will prevail.
• The deformable particles compress mainly during the immediate settlement
at application of higher load increments, however further creep-like behaviour
was observed which took ∼30% of the total incremental stage.
• The PPB and EPS beads formed a compacted structure at incremental load-
ing by densely packing and embedding into each other and in that way the
voids were significantly reduced which will modify the flow paths and reduce
the permeability in waste.
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• The compressible particles tend to form a horizontal structure and transform
their shape from 3D compressible to 2D incompressible under certain stress
thresholds, or referring to the classification system provided in Chapter 3,
from 3D neutral to 2D reinforcing and flow diverting.
• The compressibility of solid particles in MBT waste with maximum particle
size of 9 mm was experimentally evidenced to be close to zero, which sug-
gested that this residue has a mechanical response to 1D compression similar
to soils. At the same time, the initial density was very low and the total
volume reduction was nearly 50% due to particle rearrangement. The void
ratio and porosity were also reduced significantly which is going to reduce
the flow rate, hence flushing of contaminants.

Chapter 5
Phase relationships and effective
stress in MSW
5.1 Phase relationships
The mechanisms of void ratio changes in MSW, and indeed the definition of the
void ratio itself, are different and more complex than in soils, as previously dis-
cussed in Chapter 2. The main differences between soil and waste phases will
appear due to compressibility and degradation of waste solids, which are not usu-
ally considered in the conventional soil mechanics. From that, the waste solid
phase may be divided into degradable and inert in relation to decomposition, and
compressible and incompressible in relation to its deformation; it may be even more
complex if the solid phase changes are combined as a result of both— degradation
and compression. Hence a combination of solid phases may be distinguished, e.g.
inert compressible, degradable compressible, degradable incompressible and inert
incompressible.
5.1.1 Previous studies
On one hand, McDougall and Pyrah (2004a) identified three phases in MSW:
solid inert, solid decomposable and voids, shown in Figure 2.7. According to their
model, decomposition will result in changes in both volume of solids and volume of
voids. These, together with the conventional rearrangement of particles at loading
are suggested as main drivers of settlement.
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Figure 5.1: New proposed model for MSW
On the other hand, Zhang et al. (2010) presented a phase relationship model for
MSW, where they focused mostly on the particle compressibility, together with
their conventional rearrangement, and distinguished between inter- and intra-voids
(respectively between and inside the particles), shown in Figure 2.9.
Those two models are useful for estimation of the solid phase volume changes in
landfills, however they focused on different settlement mechanisms. The model
suggested by Zhang et al. (2010) represents changes occurring during immediate
compression and partially the primary settlement, whereas the one suggested by
McDougall and Pyrah (2004a) is focused on secondary settlement. For future
prediction of the long-term landfill behaviour, the individual use of both models
will be incomplete and they should be combined for assessment of the different
settlement stages.
5.1.2 New proposed model for phase relationships in MSW
The above mentioned two phase relationship models, were interconnected into a
new one, reflecting the changes in volume of solids during all settlement stages.
It should be noted that, the focus of the current research was on solid particle
compressibility as an element of the waste settlement and the decomposition of
materials was not an object of investigation during the research studies.
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The volume changes of the solid phase incorporated both compressibility and
decomposition and was divided into 5.1:
• Decomposable and Incompressible Solids (VSDI)
• Decomposable and Compressible Solids (VSDC)
• Inert and Compressible Solids (VSIC)
• Inert and Incompressible Solids (VSII)
The volume of voids will change mainly at increasing overburden stress due to:
• Conventional mechanisms, such as: rearrangement of solid particles, gas
compression in unsaturated and liquid dissipation in saturated conditions
• Dissipation of intra-void fluid (gas or liquid) in the inter-void space
The majority of decomposable solids might be compressible under overburden
stress but in long-term aspect their volume reduction will be mainly due to de-
composition and this can be estimated from the degradation potential, if it is
known. After the biodegradation processes are completed, the remaining residue
would be an inert material. The reduction in volume of inert compressible solids
would be as a result of compression or dissipation of the intra-void fluid. At a
certain stress threshold, these particles will reach their maximum compressibility
potential and will turn into an incompressible material.
The total volume change (∆VT ) will be equal to:
∆VT = ∆VV G + ∆VV R + ∆VSDC + ∆VSDI + ∆VSIC + ∆VSII (5.1)
where ∆VV G is the change in the volume of inter-voids due to air/gas compress-
ibility, and ∆VV R is the change due to rearrangement of particles and water dis-
sipation. It should be noted that the proportion of the inert incompressible solids
(∆VSII) will increase with time, whereas the decomposable and compressible solids
(∆VSDC , ∆VSDI and ∆VSIC) will reduce.
Due to overburden stress only, the change in total volume will be:
∆VTstress = ∆VV G + ∆VV R + ∆VSDC + ∆VSIC (5.2)
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It could be argued that the compression of gas will have the same result on the
total volume change, even though distributed between the intra- and inter-voids.
From that, the total volume change may be simplified to:
∆VT = ∆VG + ∆VV R + ∆VSD (5.3)
where ∆VG is the gas compression as a sum of both intra- and inter-voids and
∆VSD is the reduction in volume of solids due to compressibility.
In this case can be assumed that VII will remain constant and can be calculated
from the material density of the 3D inert compressible particles, and the remaining
inert material after the decomposition is completed (if the biodegradation potential
is known).
For the analysed UK MBT, the phase relationships will be even more simplified
having established that this material at ps <9 mm did not contain a large amount
of compressible solids. The entire MBT sample was with ps <9 mm but during
the characterisation process was established that there were almost no potentially
compressible 3D elements. Consequently, the matrix material with ps <5 mm will
also be with a soil-like behaviour. Hence in saturated conditions, the total volume
change in the UK MBT will be:
∆VT = ∆VV R + ∆VSD (5.4)
During the Rowe cell experiments, the MBT underwent ∆VV R of 42.8% of the
total height at 320 kPa due to immediate compression and consolidation. At the
same time, Siddiqui (2011) reported values of 8.3% observed during secondary
settlement for a similar waste sample at vertical load of 150 kPa. From that can
be estimated that ∆VT will be:
∆VT = 49.6 + 8.3 = 57.9% (5.5)
On Figures 5.2—5.4 is shown settlement behaviour prediction with time based on
the experimental tests of the UK MBT sample, EPS beads and ping pong balls at
vertical stress of 80, 160 and 320 kPa. The graphs also include settlement scenarios
of the MBT in a combination with either or both types of compressible particles
which were taken as 20 and 30% of the waste. It is apparent a modification in
the waste settlement behaviour. The settlement rates will increase at higher stress
applications and depending on the content of compressible materials may reach
up to 20% more, as is at 320 kPa stress.
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Figure 5.2: Settlement scenario for MBT in a combination with compressible
particles at 80 kPa stress
Figure 5.3: Settlement scenario of MBT, EPS grains, ping pong balls and a
combination of them at 160 kPa stress
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Figure 5.4: Settlement scenario of MBT, EPS grains, ping pong balls and a
combination of them at 320 kPa stress
5.2 Effective stress in compressible particles
Skempton (1961) explained that the compressibility of soils is not constant and
reduces with increasing pressure. The ratio CS/C (Equations 2.21–2.23) is sug-
gested to be less than 0.01 at 200 kPa for most of the soils and for that reason, it
is usually ignored. In undrained tests, the volume change is reported to be usually
insignificant for soils.
However, these characteristics do not correspond to the experimentally observed
behaviour of highly deformable solids:
• Even at zero pore pressure, the particle compressibility was significant.
• A linear correlation was observed between the changes in total volume/ vol-
ume of solids and the total pressure (Figures 5.7 and 5.8).
• Both C and CS were calculated as a function of total stress because the pore
pressure was zero.
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Figure 5.5: Compressibility changes over total stress, ping pong balls
• Initially compressibility (both C and CS) increased progressively at loading;
at higher stress increments, CS was the leading mechanism of C, which tends
to decrease.
• In undrained tests, a significant overall volume change will be measured due
to particle compressibility.
• The contact points deformed at increasing stress and may be softened as a
result.
These arguments were based on a saturated test with ping pong balls where the
pore pressure was zero and consecutive load increments of up to 320 kPa were
applied. In the last load increment (160–320 kPa), the particles ruptured due to
a greater inner pressure. As a result, a part of the internal gas escaped in the
void space and the volume changes measurements became more complicated. For
that reason, the last increment stage was not considered in the calculations of
compressibility so the maximum pressure was taken as 160 kPa.
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Figure 5.6: Compressibility coefficient changes over total stress, ping pong
balls
Figure 5.7: Total volume change vs total stress in ping pong balls tests
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Figure 5.8: Solids volume change vs total stress in ping pong balls tests
If using the conventional method, for this test the changes in effective stress would
be equal to the total stress, considering the zero pore pressure:
∆σ′ = ∆σ (5.6)
However, it was not entirely clear if the theory of effective stress in saturated
conditions (Terzaghi, 1936; Skempton, 1961) is applicable to highly compressible
solids, therefore a number of considerations are discussed hereafter:
Consideration 1 is referring back to Equations 2.21– 2.23. In the test with the
ping pong balls, significant reduction has been observed in volume of solids under
applied vertical load, although the pore pressure was zero. In this case VS, as well
as VT were taken as a function of total stress:
C =
(∆Vt
Vt
)
∆σ
(5.7)
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Cs =
(
∆Vs
Vs
)
∆σ
(5.8)
Following that, ∆σ′ could be comprised by two parameters:
∆σ′ = ∆σ′V + ∆σ
′
S (5.9)
where ∆σ′V is the part of total stress, causing rearrangement of the particles (as
the conventional effective stress) and ∆σ′S the part of total stress, responsible for
the particles compressibility. From that, the total stress might also be expressed
as:
∆σ = B ×∆σ′V + A×∆σ′S (5.10)
where:
B = 1− CV
C
(5.11)
A = 1− CS
C
(5.12)
C = CV + CS (5.13)
CV would represent compressibility due to changes in volume of voids, and CS due
to changes in volume of solids.
In Figure 5.5 are shown changes in the total and particle compressibility (C and
CS) at each incrementing stage. It is apparent that initially, the total compress-
ibility (C) is mainly controlled by the rearrangement of the particles (CV ). On
higher load application though, C started declining, while CS was still increasing
(both were calculated as a function of total stress). The total compressibility will
continue to decrease until it equalises with CS, resulting from complete reduction
of the void space. This tendency is in compliance with Skempton (1961), with the
difference that the particle compressibility of ping pong balls indicated progressive
significant increase. Currently it is not possible to define what the ratio between
∆σ′V and ∆σ
′
S is and is it going to change at different stress increments. However,
the distribution between CV /C and CS/C at different stress may give some initial
prediction (Table 5.1). For example, the ratio CV /C will increase significantly at
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Table 5.1: Compressibility parameters at consecutive stress increments for
ping pong balls
Total stress, kPa Stress increment C Cs Cs/C ∆Vs/∆V
20 20 0.0021 0.0002 0.11 0.006
40 20 0.0083 0.0019 0.23 0.033
80 40 0.0076 0.0038 0.50 0.163
160 80 0.0062 0.0043 0.69 0.347
lower stress increments (20 kPa), which indicates that the most of the total com-
pressibility is caused by ∆σ′V . At higher stress, CS/C will increase at the expense
of gradual reduction in CV /C, which means that ∆σ
′
S will become the dominant
pressure, controlling compressibility.
Consideration 2 Equation 5.10 could be in the form of:
∆σ = ∆σ′ + A×∆σd (5.14)
where ∆σ′ is the conventional effective stress, controlling settlement and the rear-
rangement of particles, and ∆σd would be a new parameter, named for the time
being “pressure of effective solid deformation” and similarly to the pore pressure
in Skempton’s theory, would be responsible for occurring compressibility of solids.
A is given in Equation 5.12.
Consideration 3 Building also on Skempton’s theory for effective stress in sat-
urated solids, in Powrie et al. (2009) we suggested that the particle compressibility
is a function of two factors:
1. As a response to the increase in PWP, ∆u:
−∆Vps,u
Vps
=
∆u
K
(5.15)
where ∆Vps,u is the compressibility of particles as a result of ∆u, Vps is the
initial volume of particles and K is the bulk modulus.
2. As a response to the increasing effective stress, ∆σ′ν :
−∆Vps,σ′
Vps
= A∆σ′ν (5.16)
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Table 5.2: Changes in factor B at consecutive stress increments
Stress increment factor B
0–20 kPa 0.0002
20–40 kPa 0.0019
40–80 kPa 0.0038
80–160 kPa 0.0042
where –∆Vps, σ is the compressibility of particles, as a results of ∆σ
′.
The overall reduction of the particle volume would be:
−∆Vps = − (∆Vps,u + ∆Vps,σ′) (5.17)
or
−∆Vps
Vps
= A∆σ′ν +
∆u
K
(5.18)
However, this needs further re-consideration. In the cases where the pore pressure
is zero for example, would be more reasonable to consider that the solids volume
changes would be due to increase in total stress, as currently is not clear what is
the rate of effective stress.
In order to avoid confusions, and in consistency with Powrie et al. (1999), it is
more reasonable to relate factor “A” to changes in volume of solids due to increase
in pore pressure and factor “B” should express changes in volume of solids under
increasing total stress.
In the tests, where ∆u = 0 kPa:
−∆Vps
Vps
= B∆σν (5.19)
In this case, B represents the particles compressibility (CS) from Equation 5.8 and
for the tests with the ping pong balls was calculated to lie between 0.0002–0.0042
(Table 5.2).
These considerations need further development as well as an establishment of a
new theoretical framework for effective stress, relevant for highly deformable solids.
Nevertheless, it was experimentally evidenced that the conventional effective stress
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theory will not be entirely applicable on such solids as they can undergo a signif-
icant deformation under 1D vertical load even when the pore water pressure was
zero.
5.3 Summary and conclusions
• The new proposed model for phase relationship changes in MSW is more
comprehensive than the suggested ones so far, as it includes changes in the
solids and voids due to both compressibility and decomposition.
• The phase relationships model for MBT waste will be more simplified than
for untreated MSW as a result of its more homogeneous, less compressible
and organically more stable solid phase.
• Using research results from the Rowe cell experiments and partially the work
of Siddiqui (2011), the phase relationship changes in MBT were estimated
to be about 57%, nearly 50% form which are taken by the particles rear-
rangement.
• Depending on the nominal particle size, in MBT waste are not expected
many compressible elements and this material will have a soil-like response
to applied overburden stress. However, some of the organic matter will be
decomposable.
• For untreated MSW, the solid phase will undergo a lot more dynamic changes
due to both compressibility and decomposition. It was simulated that the 20–
30% content of highly compressible materials in the UK MBT will increase
its settlement up to 20% of the initial height. The higher the applied load
is, the bigger their effect on landfill settlement will be.
• The effective stress theory (Skempton, 1961) is not relevant to highly com-
pressible solids as they undergo a significant volume reduction under applied
vertical stress, even when the pore water pressure is zero. There are a num-
ber of theoretical considerations which should be taken into account and
further development of the suggested theoretical framework is needed and
compared with some experimental work.

Chapter 6
Summary and conclusions
6.1 Summary
6.1.1 Waste classification
A simplified waste classification framework was developed, using the output of and
tested against previous research studies. It was based on laboratory characterisa-
tion of waste residues using common properties such as particle size distribution,
material type and waste particle dimensionality. The aim was to estimate the
potential effect of these key properties on the mechanical behaviour (stability and
compressibility) and also their influence on the fluid flow characteristics of the bulk
waste. This framework was developed initially through a comparative characteri-
sation of two mechanically–biologically pre-treated wastes (UK MBT and German
MBT) and then its application was tested on to two other types of residue—bottom
incinerator ash ( IBA) and a shredded partially degraded MSW (Pitsea waste).
By material groups, the most dominant component was the soil-like/ unidentifiable
fraction, typically between 55–65% of the total waste sample by dry mass, except
for the Pitsea waste, where this fraction was taking about 36%. The second most
prevalent material was glass— 25% for all wastes which was surprising, taking
into account the the separate waste collection systems. Plastics typically comprise
between 9–12% for all residues, except for the IBA, where they were eliminated
during the thermal treatment process (as well as paper and wood). In Pitsea
waste, the content of wood and paper accounted for more than 15% by dry mass,
whereas in the two MBT wastes these materials were significantly reduced due to
the pre-treatment processing.
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According to the distribution between particle size, material type and dimen-
sionality, the waste components were grouped into categories depending on their
potential effect on the mechanical and/or permeability properties. For all four
samples, the fine material (<5 mm) was considered as a “matrix”, embedded with
larger potentially “reinforcing” (one- and two-dimensional), flow “diverting” and
“impeding” (two-dimensional), and “neutral” (three dimensional) elements, a part
of which might be also “compressible”. The matrix represented about 30% of both
MBT residues and the Pitsea waste sample. In the IBA, it was the most prevalent
material taking 60% of the entire mass. In the UK and the German MBT, the
neutral (three-dimensional) fraction was the most prevalent, accounting for about
45%. In the Pitsea waste, 40% of the entire mass comprised the potentially rein-
forcing elements which represented about 25% of the MBT samples. It was also
evidenced that as a result of the processing, they have been substantially reduced
in the MBT in comparison with MSW (Pitsea) waste.
Nevertheless, in the MBT wastes, larger 2D particles will still play an important
role for stability, structure formation and fluid flow characteristics. On one hand,
they will have a reinforcing effect but on the other—will divert or impede the
flow paths passing through the waste which is going to affect the flushing out of
contaminants.
After the development of a classification framework for MBT, the compressibility
of solid particles was experimentally tested. The UK MBT (at a nominal par-
ticle size of 9 mm) showed a mechanical response to 1D compression, similar to
that observed in soils i.e. the measured particle compressibility was insignificant.
Hence, established soil mechanics principles may be used to estimate the settle-
ment of mechanically-treated waste, given that the potential decomposition is also
considered. This also suggests that the matrix material in MBT and other MSW
residues will also be incompressible and having a soil-like behaviour
The same will be valid for the IBA, where all the solids were inert in terms of
compressibility and biodegradability. Singular, potentially compressible particles
were identified only. They were mainly concentrated in the coarsest fractions (over
20 mm) of the German MBT and the Pitsea waste, which was related to the larger
nominal particle size of these materials (respectively 60 and 80 mm). The greatest
content of compressible particles was in the Pitsea waste, where they accounted
for up to 10% by mass.
A tendency for reduction of the compressible elements with the reduction of par-
ticle size was observed, evidenced by their absence in the UK MBT which was
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the finest analysed residue. IBA is a substantially inert material exhibiting little
compressibility and decomposition.
6.1.2 Compressibility of solids in waste
Compressibility of individual solid particles is an important element for improved
understanding of the settlement processes and mechanisms in landfills but its mea-
surements by other researchers have usually being related with many complications
due to the extreme heterogeneity of MSW and the unsaturated conditions as a re-
sult of the gassing processes. Because of these reasons, particle compressibility
has usually being misinterpreted or being neglected.
A simplified small scale laboratory method for measurement of the particle com-
pressibility was developed which provided a useful understanding and theoretical
frame which could be applied further at large scale MSW settlement measurements.
A methodology for particle compressibility measurements in saturated conditions
was developed, using synthetic compressible materials—EPS beads and ping pong
balls. These materials were selected because of their homogeneity, known initial
volume and an easy estimation of the volume change with applied stress and time.
At the same time, they represented typical deformable 3D particles.
It was established that for deformable particles, settlement is controlled by two
main mechanisms: particle compressibility and particle rearrangement. The ma-
jority of the waste settlement was observed during the immediate compression
phase, followed by a slow creep-like behaviour. The immediate compression was a
result of both—rearrangement of particles and reduction in their volume, whereas
creep-like settlement is related mainly to slow deformation of particles. During
the initial loading (20 kPa), particle rearrangement was the dominant mechanism
but at increasing load increments this tendency changed and the particle com-
pressibility will gradually prevail.
Two different types of particle compressibility were observed, which were in agree-
ment with Zhang et al. (2010):
• squeezing of the internal fluid (intra-voids) through the porous surface of the
solids, so that it would escape into the inter-voids, and
• compression of the intra-voids gas (isolated from the inter-voids by the par-
ticle shell), followed by crushing of the particles at certain stress thresholds
and in that way causing the internal fluid to escape into the inter-voids.
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In a matrix of highly compressible materials, such as EPS beads and ping pong
balls, over 40% of the entire volume change is caused by particle compressibility.
Compressible particles form contact points and on loading embed into each other as
a result of continuing compressibility. They deform into a compacted horizontal
structure with significantly reduced volume of voids, and modified flow paths,
leading to reduced permeability.
In terms of landfill management, MBT processing apparently converted the het-
erogeneous MSW into more homogeneous material. The large and compressible
components have been removed and in a result, MBT showed mechanical response
to 1D compression, similar to soils. This knowledge is expected to provide an
improved conceptual modelling of landfills filled with MBT waste, using conven-
tional geo-technical principles. The phase relationship changes will also be sim-
plified, having eliminated the compressible solids and reduced significantly the
biodegradation potential.
6.2 Conclusions
Main conclusions withdrawn from the PhD study:
• The classification system for pre-treated wastes is more simplified than for
untreated MSW.
• Primary estimation of the mechanical and the flow behaviour of MBT and
other pre-treated waste residues can be obtained from their detailed cate-
gorisation by properties such as particle size distribution, material type and
shape.
• About a third of the MBT samples by mass was presented by the finest
fraction (<5 mm) and this was a soil-like matrix into which the larger 1D,
2D and 3D particles were embedded.
• Large 2D particles embedded within the matrix (mainly presented by plas-
tics, glass and metal foils) should be a matter of consideration, regarding
stability and permeability/ leachate flushing of the entire MBT waste body,
taking about 25% by mass of the analysed samples. On one side they will
have a reinforcing effect and on the other, they will modify, divert, or impede
the flow paths in the waste.
Chapter 6 Summary and conclusions 179
• Large 3D particles were taking over 40% of the entire MBT samples. They
will have a neutral effect on waste stability and flow transport.
• The compressibility of solid particles in MBT waste with maximum particle
size of 9 mm was experimentally evidenced to be close to zero, which sug-
gested that this residue has a mechanical response to 1D compression similar
to soils.
• The reduction in particle size seems to be a pre-requisite for reduction of the
compressibility in pre-treated wastes.
• For highly compressible particles deformation occurs as a result of both in-
creasing pore water pressure and effective stress
• Two different types of deformable particles were observed which revealed
different compressibility behaviour:
– gradual squashing while the internal gas was released through a porous
surface of solids (EPS beads);
– gradual compressing of internal gas, which was completely isolated from
the surrounding pore space by impermeable surface (ping pong balls).
The internal gas pressure will increase constantly and at certain moment
will cause rupture of the particles surface and in that way will escape
into the outer voids.
• Both types of particles reached maximum compressibility at different stress
thresholds—80 kPa for the EPS and 500 kPa for the ping pong balls. This
suggests that deformable solids in landfill wastes with intra-voids connected
to the inter-voids space will require a lot lower stress to reach their maximum
compressibility level.
• In homogeneous samples of deformable solids two settlement mechanisms
were indicated:
– particle rearrangement
– particle compressibility
At lower stress levels particle rearrangement will be dominant but at higher
stress, particle compressibility will prevail.
• Compressible solids formed a compacted structure at incremental loading
by densely packing and embedding into each other and in that way the
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voids are significantly or completely reduced. This suggests that in landfills,
compressible elements will play a similar role and depending on their content,
they may reduce significantly the void ratio, porosity, hence the flow rates.
• Compressible particles tend to form a horizontal structure under stress and
will gradually convert their shape from 3D compressible to 2D incompress-
ible, or referring to the waste classification system— from 3D neutral to 2D
reinforcing and flow diverting.
• The relative homogeneity of the MBT waste and the reduction of particle
compressibility is a step forward towards a sustainable landfilling as this
material will have more soil-like behaviour and will differ from the unpro-
cessed MSW. However, the major reduction in total volume at the expense
of volume of voids and porosity will probably inhibit to a certain extend the
flushing of leachate through the waste and some of the pollutants might be
trapped at high concentrations within its components.
6.3 Implications and recommendations for future
work
These observations during the research have been used to develop a simplified
classification system suitable for pre-treated wastes and at the same time relating
particle shape to mechanical and ow properties of the waste. It was initially suited
to MBT and was successfully applied for categorization of other types of waste
(IBA and shredded MSW) which showed that it is feasible to different waste
residues. However, this framework was applied only on pre-treated wastes and
shredded MSW with maximum particle size of 80 mm. Further work is required
to justify its relevance for estimation of untreated MSW behaviour and further
development to include a category of compressible particles which will have higher
content in MSW than in pre-treated wastes.
Further experimental work is also required to establish compressibility of individ-
ual materials such as flexible plastic, rigid plastic, paper, textiles etc. Also, observe
the effect of particle compressibility on structure changes, mainly the impact on
flow behaviour will complete the indicated statements.
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Figure 1: Old calculated data for particle compressibility with the flexible
diaphragm (which is not correct)—MBT
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 Introduction 
A waste categorization of a municipal solid waste (MSW) was carried out in the 
Geotechnical and Environmental Laboratory at the University of Southampton. The 
work was in favour of EPSRC Research grant “Science and strategies for the long-
term management and remediation of landfills”. The waste sample has been dug up 
from Pitsea landfill site, coarsely shredded and used for experimental purposes of the 
above mentioned project. It was delivered to the University of Southampton on 18 
January 2012.  
Method 
A total of about 100 kg preliminary oven dried waste was analysed by particle size 
distribution and material type. The moisture content has already been determined at 
Pitsea landfill site.  
The procedure involved placing the waste on sorting screens originally designed for 
particle size distribution of ballast. Sieves with apertures of 9.5 mm, 22.4 mm, 40 mm, 
63 mm and 75 mm were used. Waste that fell through the screen with the largest 
apertures was placed onto the next sized screen and so on until the screen with the 
smallest apertures was reached. Waste that did not fall through was taken off the 
screen and assigned to the appropriate material category. Each category of waste 
within each size band was then weighed. 
Results 
The results from the analyses were summarised in the table below. The dominant size 
band was ≤ 9.5 mm (38.5% from total mass). All the material from this group was 
placed in the “soil-like” category. By material type the second most prevalent group 
was “unidentified/organic” (14.3%), followed by “ceramic/stones” (11.7%) and “plastic 
film” (9.0%). The “unidentified/organic” category consisted of organic residues and 
soil-like material embedded with some other components into larger lumps, which 
could not break easily by hand. Here were also placed single miscellaneous particles 
such as bones.  
 
 
 
 
        Particle size  >75mm 75-63 mm 63-40 mm 40-22.4 mm 22.4-9.5 mm <9.5 mm Total 
Material type  kg %  kg %  kg %  kg %  kg %  kg %  kg %
Plastic Film 3.64 3.76 0.78 0.80 1.52 1.57 1.69 1.75 1.07 1.10 0.00 0.00 8.70 9.00
Plastic Dense 2.54 2.63 0.34 0.35 1.02 1.05 1.33 1.37 0.87 0.90 0.00 0.00 6.09 6.30
Textiles 2.22 2.30 0.23 0.23 0.37 0.38 0.26 0.27 0.18 0.18 0.00 0.00 3.26 3.37
Glass 0.00 0.00 0.20 0.21 0.13 0.14 0.74 0.77 2.47 2.56 0.00 0.00 3.55 3.67
Ceramics and 
stones 1.34 1.38 0.40 0.41 2.65 2.74 2.93 3.02 3.99 4.12 0.00 0.00 11.29 11.68
Metals 0.35 0.36 0.08 0.09 0.43 0.45 0.63 0.65 0.40 0.41 0.00 0.00 1.89 1.95
Paper and card 0.20 0.21 0.23 0.24 0.65 0.67 1.09 1.12 1.17 1.21 0.00 0.00 3.33 3.45
Wood 0.34 0.35 0.38 0.40 1.10 1.14 1.41 1.45 1.23 1.27 0.00 0.00 4.46 4.61
Leather, rubber, 
EPS 0.55 0.57 0.14 0.14 0.23 0.24 0.20 0.20 0.17 0.17 0.00 0.00 1.28 1.33
Nappies 0.06 0.06 0.14 0.15 0.10 0.10 0.15 0.15 0.04 0.04 0.00 0.00 0.49 0.51
Unidentified/ 
Organic 0.00 0.00 0.00 0.00 1.16 1.20 3.11 3.22 9.58 9.91 0.00 0.00 13.86 14.33
Soil-like 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 38.49 39.81 38.49 39.81
TOTAL 11.25 11.63 2.91 3.01 9.36 9.68 13.53 13.99 21.16 21.88 38.49 39.81 96.70 100.00
 
  
 
        Particle size  >75mm 75-63 mm 63-40 mm 40-22.4 mm 22.4-9.5 mm <9.5 mm Total 
Material type  kg %  kg %  kg %  kg %  kg %  kg %  kg %
Plastic Film 3.64 3.76 0.78 0.80 1.52 1.57 1.69 1.75 1.07 1.10 0.00 0.00 8.70 9.00
Dense Plastic 2.54 2.63 0.34 0.35 1.02 1.05 1.33 1.37 0.87 0.90 0.00 0.00 6.09 6.30
Textiles 2.22 2.30 0.23 0.23 0.37 0.38 0.26 0.27 0.18 0.18 0.00 0.00 3.26 3.37
Glass 0.00 0.00 0.20 0.21 0.13 0.14 0.74 0.77 2.47 2.56 0.00 0.00 3.55 3.67
Misc combustible 0.96 0.99 0.67 0.69 1.42 1.47 1.75 1.81 1.43 1.48 0.00 0.00 6.23 6.45
Misc non-
combustible 1.34 1.38 0.40 0.41 2.65 2.74 2.93 3.02 3.99 4.12 0.00 0.00 11.29 11.68
Metals 0.35 0.36 0.08 0.09 0.43 0.45 0.63 0.65 0.40 0.41 0.00 0.00 1.89 1.95
Paper and card 0.20 0.21 0.23 0.24 0.65 0.67 1.09 1.12 1.17 1.21 0.00 0.00 3.33 3.45
Putrescible 0.00 0.00 0.00 0.00 1.16 1.20 3.11 3.22 9.58 9.91 0.00 0.00 13.86 14.33
Fines 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 38.49 39.81 38.49 39.81
TOTAL 11.25 11.63 2.91 3.01 9.36 9.68 13.53 13.99 21.16 21.88 38.49 39.81 96.70 100.00
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ABSTRACT: This presentation, intended to stimulate discussion, will review the various 
mechanisms and timescales relevant to the compression of landfilled household waste, 
and attempt to develop a rational taxonomy and framework. Conceptual models will be 
reviewed and compared, and the relative importance of different causes of settlement 
assessed with reference to data from the literature and from new tests in which the 
settlement of wastes during controlled degradation was carefully monitored. 
It is shown that instantaneous settlement may arise due to compression of the particles 
and/or compression or expulsion of fluid from the pores. Medium and long term 
settlements may arise as a result of consolidation, mechanical creep and / or degradation. 
While the effects these last two mechanisms (in terms of settlement against time) might 
be superficially similar, they are in fact quite distinct; and it is argued that traditional 
approaches which have sought to combine them are not helpful to developing a sound 
understanding of the long-term settlement behaviour of wastes. 
BACKGROUND
It is well-established (e.g. Edil et al, 1990; Hudson et al, 2004) that the settlement of 
biodegradable waste in a landfill arises from a variety of mechanisms (e.g. 
compressibility of the particles and/or pore fluid, consolidation by reduction in void ratio, 
ravelling, creep and biodegradation), and can take place on number of different 
timescales (immediate, medium or long term). However, examination of the literature 
reveals a general lack of rigour in distinguishing between mechanisms and timescales, 
and the lack of a clear consensus regarding nomenclature. 
Mechanisms of waste settlement, and the timescales over which they occur, may be 
characterised as follows. 
1. The rearrangement of the solid matrix by sliding, reorientation or distortion of 
waste particles as vertical stresses are increased; either during compaction or as 
further material is deposited on top. This is analogous to the compressibility 
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normally considered in conventional soil mechanics; in which it is assumed that 
the particles and the pore fluid are both incompressible, and that changes in total 
volume are always associated with changes in the void ratio as the particles distort 
and perhaps become rearranged by particle-on-particle slip. If the waste is 
unsaturated or highly permeable, settlement by this mechanism may occur 
effectively immediately on loading. If the waste is saturated and of low 
permeability, the rate of settlement will be limited by the rate at which voids can 
collapse, and hence by the rate at which water can escape. This is the well-known 
process of consolidation in conventional soil mechanics.  
2. The compression of the pore fluid. This is not normally considered in 
conventional saturated soil mechanics, but may be significant in unsaturated soils. 
3. The compression or crushing of waste particles. Again, this is not normally 
considered in conventional soil mechanics, but is potentially important in 
materials such as carbonate sands (Coop and Atkinson, 1993) 
4. Breakage of particles as stresses are increased, or softening of particle contacts on 
wetting resulting in a loss of strength and/or structure. These mechanisms are not 
normally considered in conventional soil mechanics, although the potential 
importance of particle breakage is being increasingly recognised (McDowell and 
Bolton, 1998). 
5. Degradation, due to biological decomposition and physico-chemical processes 
such as corrosion and oxidation of the waste in the longer term. 
6. Conventional mechanical creep (i.e., continuing settlement at constant effective 
stress). 
7. Edil et al (1990) identify ravelling, i.e. the gradual migration of finer particles 
into the larger voids, as a separate mechanism but it could be argued that this is a 
manifestation of mechanical and degradation settlement. 
 
A typical graph of settlement against time for a sample of waste will generally show at 
least three distinct phases. 
a. An initial, immediate compression: this is probably a result of the compression or 
expulsion of air initially present in the void space, or the compression or crushing 
of compressible particles (2 and possibly 1, 3 and 4, above). 
b. Settlement due to consolidation of the waste, which takes place at a rate governed 
by the hydraulic conductivity of the waste (which affects the rate at which water 
can flow from the saturated pores) and the stiffness of the overall structure (which 
affects the amount of compression that has to take place in response to a given 
increase in load): 1 and possibly 3 and 4, above. This is conventionally termed 
primary settlement. 
c. Continuing settlement at constant effective stress, after consolidation has ceased 
and the pore pressures have reached hydraulic equilibrium. This is due to 
degradation and creep (5 and 6, above), and is commonly referred to as secondary 
settlement.  
This is reasonably consistent with the categories of time-dependence identified by 
Watts and Charles (1999), viz. immediate compression of an unsaturated fill; primary 
consolidation of saturated fill; and secondary consolidation (due to creep and 
bioconsolidation) of saturated fill. Watts and Charles (1999) attribute immediate 
Third International Workshop “Hydro-Physico-Mechanics of Landfills”, 2009 
 
 
compression to unsaturation: while the presence of air somewhere in the system is 
probably a prerequisite, it could be within the particles (making them compressible) 
rather than in the pore fluid (which makes the waste unsaturated). Their use of the term 
consolidation to describe ongoing settlements due to creep and degradation has a 
precedent in the soil mechanics literature but is perhaps unhelpful. The term 
bioconsolidation (which Watts and Charles attribute to Soler et al, 1995) seems 
inappropriate because the effect it described is not a result of consolidation and may be 
due to chemical rather than biological agents.  
While the terms primary, secondary and tertiary settlement (for the time-related 
settlement regimes a, b and c respectively) might be more appropriate, different terms are 
now so well established that the designations immediate compression,  primary  
consolidation and secondary settlement will be adopted for the remainder of this paper. 
IMMEDIATE COMPRESSION 
Watts and Charles (1999) state that for most practical purposes, the immediate 
compressibility of a waste can best be described in total stress terms by the constrained 
modulus Eo,i (they use the symbol D), defined as  
 
Eo,i = δσv/δεv          (1) 
 
where δσv is the increment of vertical total stress and δεv is the corresponding increment 
of vertical strain. Immediate compression may be of limited practical importance, as it 
will occur as waste is being deposited and is likely to pass unmeasured and unnoticed. 
However, Watts and Charles (1999) report a case study involving the use of a sand 
preload 4 m high to compress a waste fill 12 m deep prior to the construction of part of a 
road in Liverpool, UK. In these circumstances, immediate compression may well be 
noticeable, and Watts and Charles (1999) report a value of Eo,i = 3 MPa for the untreated 
refuse. They report values at other sites of between 0.7 MPa and 6 MPa, with those at the 
low end of the range corresponding to recent domestic refuse with a bulk unit weight of 
well under 10 kN/m3. 
PRIMARY CONSOLIDATION 
It seems reasonable to analyse primary consolidation as for a conventional soil, in which 
case graphs of settlement against time may be suitably non-dimensionalised using the 
parameters 
 
T = cv.t/d2          (2) 
 
and 
 
R = ρ/ρult          (3) 
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where T is the time factor; cv is the consolidation coefficient cv = k.E'o/γw, k is the 
hydraulic conductivity of the waste (measured in the principal direction of drainage), E'o 
is the one dimensional modulus in effective stress terms, Eo = δσ'v/δεv, δσ'v is the 
increment of vertical effective stress and δεv is the corresponding increment of vertical 
strain; t is the elapsed time; d is the maximum drainage path length; R is the proportional 
settlement; ρ is the current settlement at time t; and ρult is the ultimate settlement at the 
end of the primary consolidation process. 
Primary consolidation is complete when the pore pressures are no longer changing. 
The drainage boundary conditions will govern the shape of the dimensionless settlement 
aginst time (R vs T) curve: see, for example, Powrie (2004). 
SECONDARY SETTLEMENT 
Secondary settlement due to creep is generally modelled using a simple equation of the 
form 
 
dεc/dt = α c/t         
 (4) 
 
where α c is a constant, t is the elapsed time and εc is the creep strain.  
 
Integrating Equation (4) gives a linear relationship between creep strain and the 
natural logarithm of time, 
 
εc = αc.ln{t/t1}         
 (5) 
 
(The relationship implied by Watts and Charles (1999) is εc = Cc.log10{t/t1}, where αc 
= Cc divided by log10(x)/ln(x) = 2.303 to account for the difference between natural 
logarithms and logarithms to base 10).    
 
Equation (5) is a simplification of the form of equation used to describe creep in soils 
at constant effective stress, 
 
εc = A.t1.exp{αq/qc}. ln(t/t1)       (6) 
 
(Mesri et al, 1981; Mitchell, 1993), where A and α are empirically-determined creep 
parameters, q is the deviator stress, qc is the deviator stress that would cause failure, t is 
the elapsed time and t1 is a reference time. A non-zero reference time is needed to avoid 
the calculation of infinite creep strains. The creep strain rate increases with deviator 
stress, and may also depend on the temperature although this is not explicitly taken into 
account in Equation (6). 
Many authors, remarking on the similarity of the time-dependent nature of creep and 
degradation settlements, amalgamate the effects of creep and degradation into a single 
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equation of the same form as (4). This is intellectually unsatisfactory, because the rate of 
degradation could depend on factors such as the water content of the waste and the 
leachate management regime, which would not affect the rate of creep in the same way or 
to the same extent. The apparent success of this approach when applied to real landfill 
sites is probably a result of the fact that the operational regime and the type of waste were 
similar at the various sites considered. 
Watts and Charles (1999) describe degradation induced strains εb using a relationship 
of the form 
 
εb = Cb.log10{t/t1} = αb.ln{t/t1}      (7) 
 
where αb = Cb ÷ 2.303. This is similar in form to the expression for creep strain, but 
the two phenomena can at least be considered independently. 
 
 
 
Figure 1: Settlement against log10(time) observed in consolidating anaerobic reactor 
experiments (from Ivanova et al, 2008) 
Figure 1 shows data of settlement against log10(time) measured in three Consolidating 
Anaerobic Reactors (CARs) set up to investigate the linkages between waste degradation, 
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gas generation and settlement. Full details of these experiments are given by Ivanova et 
al (2008). CAR3 was a control reactor, in which biodegradation was successfully 
inhibited for the first 350 days or so of operation. This is evidenced by the gas generation 
curve shown in Figure 2. 
 
 
Figure 2: Cumulative gas production against time observed in consolidating anaerobic 
reactor experiments (from Ivanova et al, 2008) 
The slope of the initial graph of settlement against log10(time) for CAR3 can be used 
to determine the creep parameter Cc. If it is assumed that creep effects are the same in 
CARs 1 and 2 as they are in CAR3, subtraction of the creep settlements from CARs 1 and 
2  enables the biodegradation parameter Cb to be determined (Figure 3).  
The values of αc and αb determined from the CAR settlement data (Figures 1 and 3) 
are compared with those given by Watts and Charles (1999) for recent domestic waste in 
Table 1. The range of the laboratory-measured degradation parameter αb (4.5 to 7%) is 
within that measured in the field (3 to 8%), but the relative importance of creep is much 
greater in the CAR experiments. This could be a result of the generally lower bulk 
densities. There is no obvious difference between the creep and degradation rates of the 
sample tested at 50 kPa (CAR2) and that tested at 150 kPa (CAR1).  
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Figure 3: Estimated degradation settlement against log10(time) (creep settlements 
removed) observed in consolidating anaerobic reactor experiments (from 
Ivanova et al, 2008) 
Table 1: Measured degradation and creep parameters 
Source of data Bulk unit 
weight 
kN/m3 
Creep 
parameter αc,  
% 
Degradation 
parameter αb, % 
αb/αc 
Brogborough 
(1, 2) 
6 - 7.82 - 
Calvert (1, 2) 8 0.868 7.82 9.0 
Heathfield (1) - 0.304 3.04 10.0 
CAR1 (3) 5 1.80 7.00 3.9 
CAR2 (3) 4 2.21 4.46 2.0 
CAR3 (3) 4 2.18 5.43 2.5 
 (1) Watts and Charles, 1999; (2) Watts and Charles, 1990); (3) Ivanova et al, 2008 
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PARTICLE COMPRESSIBILITY 
This section focuses on settlements due to particle compression, no 3 in the list on 
page 2. Particles could reduce in volume (compress or crush) as a result of a compression 
of the solid phase or of the gas trapped within the solid phase, due to an increase in the 
pressure of the surrounding pore fluid or in the effective stress. 
The solid phase within the particles would be expected to compress by an amount -
ΔVps,u as a result of an increase in the surrounding pore fluid pressure, Δu: 
 
Δu/(-ΔVps,u/Vps) = K, or 
 
−ΔVps,u/Vps = Δu/K        (7) 
 
where Vps is the initial volume of the solid phase within the particles and K is the 
material (particle) bulk modulus. 
In addition, it would be reasonable to suppose that some component of solid phase 
particle compression, -ΔVps,σ,  occurs due to an increase in effective stress, 
 
−ΔVps,σ/Vps = A.Δσ'v        
 (8) 
 
This gives an overall reduction in particle volume due to the compression of the solid 
phase of -ΔVps = - (ΔVps,u  + ΔVps,σ) of 
 
−ΔVps/Vps = A.Δσ'v + Δu/K       
 (9) 
 
An expression for the compression of the gas trapped within the particle solid phase, -
ΔVpg, as a result of an increase in its pressure of Δp is developed by Hudson et al (2004); 
 
ΔVpg/Vpg = {(po + 100)/(p + 100)2}.Δp      (10) 
 
where Vpg is the volume of gas trapped within the particles, p is the pressure of the gas 
within the particles (kPa), and po is a reference pressure (in kPa) at which the gas volume 
Vpg is measured. (Hudson et al, 2004, express this slightly differently in that they 
multiply both sides of Equation (10) by rgv, the ratio Vpg/V where V is the total volume of 
the element of waste containing the particles in which the volume of gas Vpg is trapped). 
The pressure p of the gas trapped within the particle solid phase could in principle 
depend on the effective stress σ', the pore liquid pressure uw and the pore gas pressure ug. 
The relationship between the internal particle gas pressure p and the external stresses and 
pressures is complex, but following Hudson et al (2004) it might, for the sake of relative 
simplicity, be assumed that 
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Δp = B.Δσ' + C.Δuw + D.Δug       
 (11) 
 
A consequence of Equation (9) is that, even if the waste is saturated, an immediate 
settlement may occur as a result of particle compression. This is being investigated at 
Southampton in a series of Rowe cell tests on both wastes and a material made up of 
idealised compressible particles. 
Some of the potential impacts of particle compressibility on the applicability of the 
concept of effective stress to waste mechanics are discussed by Powrie et al (1999). On 
the basis of particle compressibilities measured in the Pitsea cell (Beaven and Powrie, 
1995), they suggest an equation of the form 
 
σ' = σ – A.uw         
 (12) 
 
for a saturated waste, where σ' is the effective stress, σ is the total applied stress, uw is the 
pore water pressure and A is a parameter whose value lies in the range 0.19 ≤ A ≤ 0.57, 
depending on the relative particle to soil matrix compressibility.   
CONCLUSIONS 
Immediate settlement of a landfilled waste may arise due to compression of the particles 
and/or compression or expulsion of gas from the pores. Medium and long term 
settlements may arise as a result of consolidation, mechanical creep and / or 
biodegradation. While the effects of creep and degradation in terms of settlement against 
time might be superficially similar, these mechanisms are in fact quite distinct; and a 
sound understanding of long-term waste settlements requires that they are considered 
separately. 
Settlements of landfilled wastes may arise from a variety of mechanisms not normally 
considered significant in conventional, saturated soil mechanics. The effects of particle 
and pore fluid compression are worthy of particular consideration, and are being 
investigated in a series of experiments at Southampton, on both wastes and idealised 
materials.   
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A DETAILED CHARACTERISATION OF AN 
MBT WASTE 
K. VELKUSHANOVA, D. CAICEDO, D. RICHARDS AND W. POWRIE 
School of Civil Engineering and the Environment, University of Southampton, UK 
SUMMARY: Mechanical biological treatment (MBT) of wastes is being used increasingly in 
Europe to comply with the Landfill Directive. This process will have significant implications for 
the mechanical (strength) and flow behaviour of such wastes when they are landfilled. This 
paper describes the detailed characterisation of a particular MBT waste from the UK, with 
respect to particle size, shape and material. It is argued that the treatment process will eliminate 
certain types of particle (e.g. large or crushable) present in raw municipal solid waste, but that 
particles likely to act as reinforcing elements or block fluid flow within a general matrix of 
indeterminate material will remain. This observation is used to propose a simplified 
characterisation system in which the shape or “dimension” of the particle is used as an indicator 
of its potential impact on bulk strength and flow properties. Particle compressibility is not 
accounted for: the impact of this on the bulk behaviour of the waste remains a subject of 
continuing investigation. 
1. INTRODUCTION 
The EU Landfill Directive (EC, 1999) requires amongst other things that biodegradable waste is 
treated to reduce its biodegradability prior to disposal to landfill. A range of processes known 
generically as Mechanical-Biological Treatment or MBT have become popular throughout 
Europe to enable compliance with this requirement. MBT normally involves sorting (in which 
recyclable and combustible materials are removed), particle size reduction (e.g. by shredding) 
and partial biodegradation, which may achieved using either aerobic or anaerobic processes. 
While an MBT process may fulfil the letter of the Landfill Directive, the real benefits are less 
clear. In many cases, the quality of the outputs is too low for any utilisation or disposal route 
other than landfill (Juniper, 2005). After landfilling, the MBT residue or output will probably 
continue to give off methane, but not at a fast enough rate to make it economically worthwhile to 
capture and use for electricity generation. Thus the widespread adoption of MBT could 
exacerbate the problem of fugitive emissions of greenhouse gases from landfills, which the EU 
Landfill Directive was enacted to address. A further point is that the removal of large reinforcing 
elements from the waste during the mechanical processing stage will alter its mechanical 
properties, perhaps reducing landfill stability. The effect of processing on the permeability of the 
waste is also uncertain. 
An indication of the changes in the biodegradability, mechanical and flow properties of waste 
resulting from mechanical biological treatment might be obtained from a detailed consideration 
of the constituents of the MBT residue, including the particle size and material type.  
Sardinia 2009, Twelfth International Waste Management and Landfill Symposium 
This paper describes in some detail the characterisation process for an MBT waste from the UK, 
presents the results, proposes a simplified classification for the material and discusses the 
implications of the characterisation for the mechanical and flow behaviour. 
2. CHOICE OF CHARACTERISATION/CLASSIFICATION SYSTEM 
Classification systems for waste have been proposed by a number of authors, often focussing on 
different attributes. Siegel et al (1990) proposed a classification system based on material type. 
Landva and Clark (1990) distinguished between organic (putrescible and non-putrescible) and 
inorganic (degradable and non-degradable) components. Grisolia et al (1995) recognised the 
importance of particle deformability, while Kölsch (1995) added the concept of the “dimension” 
of the particle, which could range from zero (small particles) through one and two dimensions 
(stick- and sheet-like) to three dimensions (rotund and bulky).  
These systems are reviewed by  Dixon and Langer (2006), who develop a new framework for 
waste classification focussing particularly on the factors influencing the mechanical properties of 
the waste (principally strength and stiffness). Although the attributes of particle size, particle 
shape and material are all considered, the primary distinction made is between reinforcing, 
compressible and incompressible particles.  
Characterisation of an MBT residue should be more straightforward than characterisation of a 
raw MSW in two main respects. First, mechanical treatment should reduce substantially the 
range of particle sizes in the waste. Secondly, the elimination of breakable or crushable items 
(“particles”) such as bottles and cans made from incompressible materials such as ceramics and 
metals should give a better correlation between particle material type, shape and contribution of 
a particle to the overall mechanical behaviour of the waste. 
3. MATERIALS AND METHODS 
A sample of approximately 500 kg of MBT residue was recovered from a mechanical-biological 
treatment facility in southern England. The MBT process is shown schematically in Figure. A 
representative 25 kg sub-sample was sieved by gentle mechanical shaking for 30 minutes 
through a stack of sieves into five different size fractions: >20 mm, 20-12 mm, 12-7 mm, 7-5 
mm and <5 mm. The moisture content of each fraction was determined by oven-drying at a 
temperature of 70ºC until a constant mass was achieved. Each fraction was then sorted manually 
into different components/materials, viz.: flexible plastics, rigid plastics, textiles, glass, ceramics, 
stones, metals, paper, wood, bones, rubber and miscellaneous.  
These categories are similar to those suggested by some authors, e.g. Dixon and Langer 
(2006) but differ from the groups described by other authors, e.g. Grisolia et al (1995); Kölsch 
(1995); Landva and Clark (1990).  They were selected partly because of the need for categories 
to be amenable to identification by visual inspection, although the smaller particle size of MBT 
waste makes this more difficult than for raw MSW. This is evidenced by the 58.1% of particles 
(by mass) placed into the “miscellaneous” category. Glass (22.8%) was the second most 
prevalent material. Rigid and flexible plastics together accounted for 10.8% of the sample: those 
two groups were distinguished because of the expected impact of the material on particle shape 
and mechanical properties, as discussed below. The 25 kg sample was sieved at the as-received 
water content. It is accepted that this could lead to some error as a result of the agglomeration of 
fine particles, but this is of little consequence as it is likely to affect only the relatively sticky 
particles later classified as “matrix” material. A proportion of the finest material (< 5 mm) which 
was dry-sieved following oven drying as described above.  
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Figure 1. Schematic description of typical MBT process (after New Earth Solutions: 
http://www.newearthsolutions.co.uk/residual-waste-treatment/process-description/)  
4. RESULTS 
4.1. Particle size 
Figure 2 shows the PSD curve obtained during sorting the MBT waste sample. For comparison, 
a PSD curve for MSW from the same source as the MBT waste, which had been shredded to a 
maximum particle size of 80 mm and tested in the Pitsea Compression cell over a period of forty 
eight months, is also shown, in Figure 3, together with PSD curves for some German MBT 
wastes reported by Kuhele-Weidemeir (2005), Bauer (2007) and Münnich (2005).  
When the Pitsea cell waste PSD curve is adjusted by removing the fraction over 20 mm, it lies 
just below the PSD for the MBT waste shown in Figure 2.  
The maximum particle size for the German MBT waste samples is about 75 mm, compared 
with 20 mm for the UK MBT waste.  
4.2. Moisture Content  
The moisture contents of the original (unsieved) sample and the various size fractions obtained 
by sieving are indicated in Figure 4.  
The moisture resides disproportionately in the smallest (<5 mm) fraction. Although the water 
content of the largest (>20 mm) fraction is also high, this represents just 0.8% of the sample by 
dry mass and so is insignificant.  
Retention of water in the finest fraction is probably explained by the high specific surface 
area and the absorptive nature of the particle materials (e.g. paper, card and textiles).   
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Figure 2. PSD curve obtained by sieving at the as-received water content 
PSD: MBT vs old landfill waste (Pitsea), UK
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Figure 3. Comparison between PSD curves obtained for MBT, raw MSW shredded to 80 mm, 
and German MBT waste 
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Figure 4. Moisture content of unsieved MBT waste and the different size fractions  
 
Figure 5. Mass distribution (%) by material type and particle size for the MBT sample (format of 
graph, suggested by Dixon and Langer, 2006) 
4.3. Material type 
The composition of the waste by material type and particle size is shown in Figure 5, and 
summarised quantitatively in Table 1. Percentages by volume were calculated using measured 
particle densities for the different materials. Owing to their low density, flexible plastics form a 
relatively small percentage of the whole by mass, but a rather larger proportion by volume. 
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Photographs of the unsorted waste, and some of the individual particle types and sizes, are given 
in Figure 6. 
a      b  
c    d  
e  
Figure 6. MBT waste (a) before sorting; and after manual sorting: (b) “Glass” with size 12-20 
mm; (c) “Rigid plastics” with size 12-20 mm; (d) “Flexible plastics” with size bigger 
than 20 mm; (e) “Textiles” with size 12-20 mm 
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Table 1. Composition of MBT waste sample by material type and particle size 
    Size (mm)    
Material  <5 5-7 7-12 12-20 >20 Total 
Bones % mass 0.00% 0.00% 0.12% 0.12% 0.00% 0.25% 
 %volume 0.00% 0.01% 0.19% 0.19% 0.00% 0.39% 
Ceramics % mass 0.00% 0.00% 1.23% 1.07% 0.00% 2.29% 
 %volume 0.00% 0.00% 0.88% 0.77% 0.00% 1.65% 
Flexible Plastic % mass 0.00% 0.38% 1.18% 2.87% 0.14% 4.57% 
 %volume 0.00% 0.78% 2.41% 5.87% 0.29% 9.34% 
Glass % mass 0.00% 3.02% 12.03% 7.70% 0.01% 22.77% 
 %volume 0.00% 2.05% 8.17% 5.23% 0.01% 15.45% 
Metals % mass 0.00% 0.07% 0.23% 0.19% 0.00% 0.49% 
 %volume 0.00% 0.04% 0.14% 0.12% 0.00% 0.31% 
Miscellaneous % mass 29.15% 11.74% 8.80% 8.01% 0.39% 58.10% 
 %volume 28.67% 11.55% 8.66% 7.88% 0.39% 57.15% 
Paper % mass 0.00% 0.04% 0.22% 0.16% 0.01% 0.43% 
 %volume 0.00% 0.04% 0.22% 0.16% 0.01% 0.43% 
Rigid Plastic % mass 0.00% 0.75% 2.67% 2.69% 0.16% 6.27% 
 %volume 0.00% 1.21% 4.28% 4.32% 0.26% 10.07% 
Rubber % mass 0.00% 0.01% 0.08% 0.10% 0.00% 0.18% 
 %volume 0.00% 0.01% 0.09% 0.11% 0.00% 0.21% 
Stones % mass 0.00% 0.15% 0.78% 0.81% 0.00% 1.73% 
 %volume 0.00% 0.11% 0.57% 0.59% 0.00% 1.28% 
Textiles % mass 0.00% 0.15% 0.22% 0.89% 0.07% 1.33% 
 %volume 0.00% 0.14% 0.22% 0.87% 0.07% 1.31% 
Wood % mass 0.00% 0.34% 0.74% 0.49% 0.00% 1.57% 
 %volume 0.00% 0.53% 1.13% 0.75% 0.00% 2.42% 
Total % mass 29.15% 16.66% 28.30% 25.10% 0.80% 100.00% 
4.4. Particle shape 
In addition to the particle size and material type, the particle shape will influence the bulk 
mechanical and flow behaviour of the material. Following Kölsch (1995) and Dixon and Langer 
(2006), four categories of particle shape may be identified, categorised according to their relative 
dimensions or aspect ratio. These are:  
 Grains (characterised by Kölsch, 1995 as having zero dimensions, D0). Each dimension is 
less than a certain minimum significant length.  In an MBT, these particles form a “matrix” 
into which the other particles may be considered to be embedded potentially modify its 
behaviour. Kölsch (1995) identified the minimum significant dimension (such that particles 
smaller than this are considered as 0D) as 8 mm for a raw MSW: for an MBT waste, the 
minimum significant dimension will be somewhat smaller. 
 Fibres, sticks or strings (one-dimensional, D1). One dimension is long relative to the typical 
dimension and the other two are smaller. These particles may act as reinforcing elements, 
potentially enhancing the shear strength of the matrix material. 
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 Sheets or foils (two-dimensional, D2). These particles are flat, with two long dimensions and 
one short. They may act as reinforcing elements in terms of their effect on strength, or as 
elements that block or impede (semi-block) fluid flow, depending on the material of which 
they are made. Impermeable materials such as plastics and metals will tend to block flow 
across their area completely, whereas more permeable materials such as textiles and perhaps 
paper and card may impede rather than fully block flow and are referred to as semi-blocking. 
 Bulky (three-dimensional, 3D). These particles are rotund, with all three dimensions greater 
than the minimum significant value. They may act to block or impede fluid flow, again 
depending on the material from which they are made and their size relative to the matrix. 
The minimum length needed for a 1D or 2D particle to be considered as a reinforcing element is 
worthy of some consideration.  
Dixon and Langer (2006) suggest that to act as a reinforcing element, a 1D or 2D particle 
must exceed the nominal diameter of the particles around it (i.e., of the particles in the matrix). 
For fibre-reinforced soils, Michalowski and Zhao (1996) suggest that the length of reinforcing 
components must be at least an order of magnitude larger than the diameter (D50) of the 
surrounding grains, but this seems excessive.  
In the context of a fibre reinforced composite, Ashby and Jones (1986) show that a certain 
minimum length of fibre, related to its tensile strength, is needed to develop a significant tension. 
A reinforcing element has been taken in this paper as one longer than three times the typical 
particle size in the surrounding matrix.  
Figure 7 illustrates various 1-dimensional (1D), 2-dimensional (2D) and 3-dimensional (3D) 
materials within the sample of MBT waste. The main components in each dimensional and 
material category are described in Table 2. 
Table 3 and Table 4 summarize the mass distribution of particles according to their 
dimensionality within the two plastic categories (rigid and flexible). Percentages are calculated 
as a proportion of the total sample dry mass. The majority of particles within both plastic 
categories are 2D. The dominant dimensions of particles made of other materials are given in 
Table 5; blank fields indicate that no particles of that material type and size range were present.  
5. DISCUSSION 
5.1. Mechanical Behaviour 
Dixon and Langer (2006) suggest a classification framework for waste components based on 
shape-related properties as follows: 
 Reinforcing components: 1-dimensional and 2-dimensional (e.g. plastic and paper sheets), 
 Three-dimensional components: i) Compressible (e.g. putrescible materials, beverage cans) 
and ii) Incompressible (e.g. pieces of metal). They further divide the compressible category 
into high- and low-compressibility materials. 
As has already been mentioned, the MBT material described in this paper is rather simpler than a 
raw MSW and might be viewed as a matrix with reinforcing (1D and 2D) and flow-impeding 
(2D and 3D) elements embedded.  
The matrix is represented by the fine fraction (<5 mm): its PSD curve is given in Figure 8 
which indicates D50 ~ 1 mm.  
To allow for the gripping of the ends and the development of significant tensile stress, 
components with one or two long dimensions ≥ 3.D50 (i.e. ≥ 3 mm) have been considered to be 
potentially reinforcing.  
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Figure 7. Typical 1D and 2D particles found in MBT 
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Table 2. Description by dimensionality and material of components found in MBT  
Fraction 
(material) 
Size 
fraction 1D 2D 3D 
>20 mm: 
3D – 55%;  
2D – 25%;  
1D – 20% 
Wires with a plastic 
cover; lollipop sticks: up 
to 170×2mm 
Sheet-like solid plastic 
pieces: up to 125×10 mm; 
70×30 mm 
Parts or whole pens or 
markers; other bulky 
items; up to 135×8 
mm; 50×8 mm 
12-20 mm:  
2D – 55% 
3D – 30% 
1D – 15% 
Pipe-like plastic 
materials, mostly from 
lollipops (70×2 mm), 
wires (115×1.5 mm) 
Sheet-like hard plastic 
pieces (50×12 mm) 
Different bulky items 
(parts of pens, 
necklaces pines etc.); 
up to  130x8 mm 
7-12 mm:  
2D – 65% 
1D – 20% 
3D – 15% 
Wires (55×1.5 mm); parts 
of clothes tags (50×0.7 
mm) 
Sheet like pieces of solid 
plastic boxes etc. (35 ×8 
mm; 40×7 mm) 
Bulky items e.g. balls 
(d ~ 4 mm), parts of 
toys etc., 40×4 mm 
Rigid plastics 
 
5-7 mm: 
2D – 85% 
3D – 10% 
1D – 5% 
Parts of clothes tags (50 
0.7 mm) 
Sheet-like hard plastic 
pieces up to 60×8 mm 
Small plastic balls, 
internal parts of pens 
up to 12×5 mm  
>20 mm: 
2D -100% 
 
- 
Mostly pieces of  plastic 
bags and packaging  
. 
12-20 mm 
2D – 95% 
1D – 5% 
Parts of plastic packaging 
(100 ×1 mm; 80×1 mm) 
Mostly pieces of  plastic 
bags and packaging 
(60×40 mm; 50×30 mm) 
- 
7-12 mm: 
2D – 99 % 
1D – 1% 
Parts of plastic packaging 
up to 80×1 mm 
Mostly pieces of  plastic 
bags and packaging up to 
60×30 mm 
- 
Flexible plastics 
5-7 mm:  
2D – 98% 
1D – 2% 
Parts of plastic packaging 
(80×3 mm; 40×2mm) 
Mostly pieces of  plastic 
bags and packaging (50×8 
mm; 40×15 mm) 
- 
>20 mm: 
1D -50% 
2D- 50% 
Parts of nappies,  clothes 
and hygiene materials 
(max 165 mm ; min 50 
mm) 
Parts of clothes  - 
12-20 mm: 
1D – 50% 
2D – 50% 
Parts of nappies, clothes 
and hygiene materials 
(max 120 mm ; min 30 
mm) 
Parts of clothes  (50×20 
mm; 24×25 mm) 
- 
7-12 mm: 
1D – 50 % 
2D – 50% 
Parts of nappies,  clothes 
and hygiene materials ( 
max 60 mm ; min 25 mm) 
Parts of clothes (8×12 
mm; 25×25 mm) 
- 
Textiles 
5-7 mm:  
2D – 50% 
1D – 50% 
Parts of nappies,  clothes 
and hygiene materials ( 
max 80 mm ; min 28 mm) 
 
Parts of clothes (12×12  
mm) 
- 
Glass 
>20 mm: 
3D -80% 
2D – 10% 
 
- 
Parts of broken bottles  Parts of broken bottles  
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Fraction 
(material) 
Size 
fraction 1D 2D 3D 
12-20 mm: 
3D -80% 
2D – 10% 
- 
Parts of broken bottles (40 
mm × 20 mm; 15 mm × 
10 mm) 
Parts of broken bottles 
(40 mm × 25 mm × 5 
mm;15 mm × 15 mm × 
5 mm) 
7-12 mm: 
3D - 80% 
2D – 10% 
- 
Parts of broken bottles (35 
mm × 10 mm; 15 mm × 
15 mm) 
Parts of broken bottles 
(30 mm × 15 mm × 5 
mm;15 mm × 15 mm 
×5 mm) 
5-7 mm:  
3D -100% 
 
- - Parts of broken bottles 
 
0.0%
10.0%
20.0%
30.0%
40.0%
50.0%
60.0%
70.0%
80.0%
90.0%
100.0%
0.001 0.01 0.1 1 10 100
Particle size (mm)
Pe
rc
en
ta
ge
 p
as
si
ng
 
Figure 8. PSD for the Matrix Fraction in MBT (Miscellaneous < 5mm) 
Table 3. Rigid Plastics - mass distribution (% dry mass) of particles by dimensional type 
  %mass 
Size (mm) 0D  1D  2D  3D  Total 
20 0.00% 0.03% 0.04% 0.09% 0.16% 
12 0.00% 0.40% 1.48% 0.81% 2.69% 
7 0.00% 0.53% 1.73% 0.40% 2.67% 
5 0.00% 0.04% 0.64% 0.08% 0.75% 
<5 0.00% 0.00% 0.00% 0.00% 0.00% 
Total 0.00% 1.01% 3.89% 1.37% 6.27% 
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Table 4. Flexible Plastic - mass distribution (% dry mass) of particles by dimensional type 
 %mass 
Size (mm) 0D 1D 2D 3D Total 
20 0.00% 0.00% 0.14% 0.00% 0.14% 
12 0.00% 0.14% 2.73% 0.00% 2.87% 
7 0.00% 0.01% 1.17% 0.00% 1.18% 
5 0.00% 0.01% 0.37% 0.00% 0.38% 
<5 0.00% 0.00% 0.00% 0.00% 0.00% 
Total 0.00% 0.16% 4.41% 0.00% 4.57% 
Table 5. Description by dimensions of the materials found in MBT sample 
  Size (mm) 
Components >20 20-12 12-7 7-5 <5 
Flexible Plastic 2D 2D 2D 2D   
Rigid Plastic 3D 2D 2D 2D   
Textiles 1D 1D 1D 1D   
Glass 3D 3D 3D 3D   
Ceramics   3D 3D     
Stones   3D 3D 3D   
Metals 2D 2D 2D 2D   
Paper 2D 2D 2D 2D   
Wood   1D 1D 1D   
Bones   1D 1D 1D   
Rubber   3D 3D 3D   
Miscellaneous 3D 3D 3D 3D OD 
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Figure 9. Mass distribution for potentially reinforcing components in MBT sample (following 
Dixon and Langer, 2006) 
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Figure10. Thin-sheet conceptual model for flow through solid wastes (from Xie, 2006) 
Table 6. Particle distribution (in % total dry mass) by category and size according to the potential 
impact on fluid flow in MBT waste 
Size (mm)
Materials 
Classification Components Dim 20 12 7 5 <5 Total
Blocking Rigid Plastic 3D 0.09% 0.81% 0.40% 0.08% 0.00% 1.38%
Glass 3D 0.01% 7.70% 12.03% 3.02% 0.00% 22.77%
Ceramics 3D 0.00% 1.07% 1.23% 0.00% 0.00% 2.29%
Stones 3D 0.00% 0.81% 0.78% 0.15% 0.00% 1.73%
Rubber 3D 0.00% 0.10% 0.08% 0.01% 0.00% 0.18%
Blocking+ Flexible Plastic Extensible 2D 0.14% 2.73% 1.17% 0.37% 0.00% 4.41%
reinforcing Rigid Plastic Rigid 2D 0.04% 1.48% 1.73% 0.64% 0.00% 3.89%
Metals Rigid 2D 0.00% 0.09% 0.11% 0.04% 0.00% 0.24%
Neutral+ Textiles Extensible 1D 0.07% 0.89% 0.22% 0.15% 0.00% 1.33%
Reinforcing Rigid Plastic Rigid 1D 0.03% 0.40% 0.53% 0.04% 0.00% 1.00%
Flexible Plastic Extensible 1D 0.00% 0.14% 0.01% 0.01% 0.00% 0.16%
Wood 1D 0.00% 0.49% 0.74% 0.34% 0.00% 1.57%
Bones 1D 0.00% 0.12% 0.12% 0.00% 0.00% 0.25%
Semiblocking+ Paper 2D 0.01% 0.16% 0.22% 0.04% 0.00% 0.43%
reinforcing Textiles 2D 0.00% 0.10% 0.12% 0.03% 0.00% 0.25%
Matrix Miscellaneous 0D 0.39% 8.01% 8.80% 11.74% 29.15% 58.10%
Total 0.80% 24.28% 27.89% 17.63% 29.15% 100.00%  
Only materials of 1D and 2D are considered potentially reinforcing; thus 3D particles of 
materials such as glass, ceramics and stones are excluded from this category.  
Crushable particles are absent, having been eliminated by the processing of the waste. Some 
of the matrix particles may be compressible and others not, but given that the matrix is 
composed of fine particles whose material cannot be distinguished it has not been considered 
fruitful at this stage in the research to attempt to subdivide the matrix material into compressible 
and incompressible components. (Dixon and Langer, 2006 had to assume that 50% of the fine 
particles were compressible and 50% were not).  
However, the reinforcing particles have been categorised as either “rigid” (metals and hard 
plastics) or “extensible” (flexible plastics, textiles, paper and card), Table 6. 
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PSD MBT UK - mechanical shape subdivisions
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Figure 11. PSD of MBT components as Matrix, Reinforcing, and Flow blocking/impeding 
5.2. Flow behaviour: permeability and blocking 
In addition to their reinforcing effect, 2D particles embedded within the waste can increase the 
flow path due to the formation of structure. The larger the sheets and the greater their number, 
the lower the bulk hydraulic conductivity (permeability).  
This is illustrated in the conceptual model developed by Xie (2006): Figure. Large, bulky 
particles (3D in the Kölsch, 1995 terminology) will also impede flow, as they can be considered 
as large impermeable or reduced-permeability lumps within the general matrix structure. The 
dimension of a blocking particle must be significantly greater than that of a typical particle – 
perhaps by a factor of at least 3-5. Thus the MBT material described in this paper can be viewed 
in terms of its flow characteristics as 2-D or 3-D blocking (or semi-blocking) particles (typical 
particle size > 3 mm) in a matrix of fines (D50 ~ 1 mm). 1D particles are assumed to be neutral as 
far as fluid flow is concerned. Particles of a given material and size are classified in terms of 
their impact on fluid flow in Table 6, which gives the distribution in each category as a 
proportion of the total dry mass. In total, potentially blocking components comprise 36.9% of the 
sample by dry mass, 9% from which could be potentially reinforcing elements. The oveall 
percentage of reinforcing particles is 12.9% and matrix material takes 58.1%. The relative size 
needed for a particle of a given dimensionality to be considered as blocking is currently being 
investigated by means a laboratory study using controlled synthetic wastes.  
A cumulative PSD, indicating the distribution by particle size of matrix material, potentially 
reinforcing elements and potentially flow blocking or impeding (semi-blocking) elements is 
presented in Figure 1.  This is in essence a simplification of the categorisation scheme proposed 
by Dixon and Langer (2006), in which the types of component that processing has removed from 
MBT waste have been eliminated.The distinction between compressible and incompressible 
particles has for the time being been neglected: research into its importance for an MBT and its 
quantification is currently in progress. 
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6. CONCLUSIONS 
Mechanical biological treatment (MBT) of municipal solid waste (MSW) reduces the particle 
size and eliminated certain components – in particular, large and crushable elements from the 
material. Much of the MBT residue is too small to be able to distinguish, visually, the parent 
material and whether the particle is likely to be compressible or incompressible. However, it is 
possible to identify visually the dimensionality (shape) of the larger particles, and to make at 
least a preliminary assessment of whether these could act as reinforcing elements (sticks, strings 
or sheets, increasing the shear strength of the material) or elements that block or impede flow 
(sheets or large, bulky/rotund particles).  
Particles in the latter category made from impermeable materials such as plastic and metal 
will block flow, while particles made from less impermeable materials such as textiles and 
perhaps paper or card may merely impede it. 
In terms of the dimensionality of the particle proposed by Kölsch (1995), 0D particles form a 
matrix of particles smaller than a minimum significant dimension (in the case of the MBT 
investigated in this study, the D50 of the matrix material was about 1 mm). 1D and 2D particles 
are potentially reinforcing (and either rigid or extensible), while 2D and 3D particles are 
potentially flow-blocking or flow-impeding.  
The minimum size of 1D, 2D and 3D reinforcing and blocking/impeding particles is under 
investigation, but has been taken as 3 times the D50 size of the matrix as a working hypothesis in 
this paper.  
These observations have been used to develop a simplified version of the classification system 
relating particle shape to mechanical properties of the waste proposed by Dixon and Langer 
(2006). The simplified classification is suited to MBT, and does not need to consider particles 
removed from raw MSW by processing. These include large and crushable particles. The 
importance of being able to distinguish between compressible and incompressible matrix 
particles is currently under investigation, along with a way of making this distinction by 
observation or simple experiment.   
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SUMMARY: Mechanical biological treatment (MBT) of wastes is being used increasingly in 
Europe to comply with the Landfill Directive. This process will have significant implications for 
the mechanical (strength) and flow behaviour of such wastes when they are landfilled. This 
paper describes the detailed characterisation of a particular MBT waste from the UK, with 
respect to particle size, shape and material. It is argued that the treatment process will eliminate 
certain types of particle (e.g. large or crushable) present in raw municipal solid waste, but that 
particles likely to act as reinforcing elements or divert and/or impede fluid flow within a general 
matrix of indeterminate material will remain. This observation is used to propose a simplified 
characterisation system in which the shape or “dimension” of the particle is used as an indicator 
of its potential impact on bulk strength and flow properties. Particle compressibility is not 
accounted for: the impact of this on the bulk behaviour of the waste remains a subject of 
continuing investigation.  
1. INTRODUCTION 
The EU Landfill Directive (EC, 1999) requires that waste is treated to reduce its biodegradability 
prior to disposal to landfill.  Mechanical-Biological Treatment or MBT have become popular 
throughout Europe to enable compliance with this requirement. MBT normally involves 
mechanical stage – removing of recyclable and bulky materials, particle size reduction - 
shredding and screening; and biological stage - aerobic or anaerobic processes for reduction of 
the biodegradability. 
While an MBT process may fulfil the letter of the Landfill Directive, the real benefits are less 
clear. In many cases, the quality of the outputs is too low for any utilisation or disposal route 
other than landfill (Archer et al., 2005). After disposal, the MBT residue may continue to give 
off methane, but not at a sufficient rate to make it economically worthwhile to capture and use 
for electricity generation (Siddiqui et al., 2009). A further potential concern is that the removal 
of large reinforcing elements from the waste during mechanical processing will alter its 
geotechnical properties, perhaps reducing landfill stability (Fernando et al., 2009). The effect of 
processing on the permeability of the waste is also uncertain. 
An indication of the changes in the biodegradability and the mechanical and flow properties of 
waste resulting from mechanical biological treatment might be obtained from a detailed 
characterisation of the constituents of the MBT residue, including the particle size, shape and 
material type.  
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2. MOST POPULAR CLASSIFICATION SYSTEMS FOR MUNICIPAL SOLID 
WASTES 
Classification systems for municipal solid wastes (MSW) have been proposed by a number of 
authors; however, they often focus on different attributes and generally relate to different types 
of waste.   
Siegel et al (1990) proposed a simple classification system based on material type. They 
distinguished metal, wood, soil, paper, glass, rock and brick, rubber and plastic and 
miscellaneous categories and placed about 95% of their sample by wet mass in the soil group.  
Landva & Clark (1990 distinguished between the following classes of materials:  
● Organic putrescible (OP) – food, garden, animal wastes and materials contaminated by them; 
● Organic non-putrescible (ON) – paper, wood, textiles, leather, plastic, rubber, paint, oil, 
grease, chemicals, organic sludge;  
● Inorganic degradable (ID) – metals (corrodible to varying degrees); and  
● Inorganic non-degradable (IN) – glass, ceramics, mineral soil, rubble, tailings, slimes, ash, 
concrete, masonry (construction debris).  
They also pointed out that the last three categories (ON, ID and IN) would contain void forming 
materials which could affect the geotechnical behaviour of the fill: hollow containers (e.g. boxes, 
cans and bottles), platy or elongated items (e.g. beams, sheets and plates) and bulky items (e.g. 
furniture, appliances and vehicle bodies).  
Grisolia et al. (1995) recognised the importance of particle deformability. They adopted three 
broad categories:  
● Class A – inert, stable elements that are unlikely to deform or degrade: soils, metals, glass, 
ceramics, construction & demolition waste, ash and wood;  
● Class B – highly deformable elements which undergo a large initial settlement due to 
substantial modification of the initial shape; paper, cardboard, textiles, leather, plastics, 
rubber, nappies and tyres. Some of these materials may exhibit creep; 
● Class C – readily biodegradable elements causing volume loss due to gas and leachate 
production: food waste, garden waste, animal waste and undersieve (particles passing a 20 
mm sieve).  
Kölsch (1995) added the concept of the “dimension” of the particles, which could range from 
zero (small particles) through one and two dimensions (stick- and sheet-like) to three dimensions 
(rotund and bulky). He classified materials in two ways:  
● By particle size and material groups as follows:  
 ≥ 40 mm – characterised by material groups  – paper  and cardboard, smooth synthetics (e.g. 
foils, rubber, leather and textiles), hard synthetics (e.g. plastics and hard leather), metals, 
minerals (e.g. glass, ceramics and soil), wood and organics (e.g. bio-waste, grass and leaves);  
 8-40 mm; 
 <8 mm. 
● By particle dimension:  
 Dimension 0 (0D) – grains;  
 Dimension 1 (1D) – fibres;  
 Dimension 2 (2D) – foils and sheets;  
 Dimension 3 (3D) – boxes. 
0D and 3D were differentiated by their size, with 0D being less than 40 mm and 3D greater than 
40 mm.   
These systems were reviewed by Dixon & Langer (2006), who developed a new framework for 
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waste classification, focussing particularly on the factors influencing the mechanical properties 
of the waste (principally strength and compressibility). Their material groupings were very 
similar to those of Grisolia et al. (1995) and Kölsch (1995) comprising: organics, paper, wood, 
polymer/plastics, metals (ferrous/non-ferrous), soil-like, ceramics, glass, inerts and rubber. 
Dixon and Langer (2006) modified Kölsch’s classification for shape-related components, as 
follows: 
● Reinforcing, one- and two-dimensional (e.g. plastic bags, sheets of paper, fibres, strings etc.).  
The definition of a reinforcing component depends on its size relative to the surrounding 
particles (matrix).   
● Three-dimensional: 
 Compressible components; high compressibility (e.g. putrescibles, plastic packaging) and low 
compressibility (e.g. drinks cans) with the threshold between high and low compressibility not 
yet established. 
 Incompressible components (e.g. bricks, pieces of metal) 
Waste material was sorted by grading, with grading bands of: <8 mm; 8-40 mm; 40-120 mm; 
120-500 mm; 500-1000 mm; and >1000 mm. 
Classification systems for waste have been proposed by a number of authors, often focussing on 
different attributes. Characterisation of an MBT residue should be more straightforward than 
characterisation of a raw MSW in two main respects. First, mechanical treatment should reduce 
substantially the range of particle sizes in the waste. Secondly, the elimination of breakable or 
crushable items (“particles”) such as bottles and cans made from incompressible materials such 
as ceramics and metals should give a better correlation between particle material type, shape and 
contribution of a particle to the overall mechanical behaviour of the waste. There is currently no 
system that links the mechanical and flow properties of waste with the structure, i.e. the 
combination of the geometry and interconnectivity between the pores. 
3. MATERIALS AND METHODS 
3.1. Materials 
Two different types of wastes were analysed to help develop a suitable classification system. 
These were as follows:  
3.1.1. MBT waste from Southern England (UK MBT) 
A sample of approximately 500 kg of processed waste was recovered from a mechanical-
biological treatment facility in Southern England. The maximum particle size of the material was 
about 20 mm.  
3.1.2.  MBT waste from Northern Germany (German MBT) 
A 120 kg sample was obtained from an MBT facility situated near Hannover, Germany. The 
main difference between the UK and German treatment processes was in the biological stage in 
which the German waste was treated anaerobically and then aerobically while the UK MBT 
underwent aerobic degradation only. The maximum particle size of the material was about 60 
mm.  
3.2. Method 
Representative sub-samples (~25 kg) of each MBT waste were obtained by quartering and sieved 
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by gentle mechanical shaking through a stack of aggregate sieves into five different size 
fractions: >20 mm, 20-12 mm, 12-7 mm, 7-5 mm and <5 mm. The UK MBT was sieved at the as-
received water content (27.3%) and the moisture content of each fraction was determined by 
oven-drying at 70ºC (Velkushanova, 2009). About 1 kg of the material passing the 5 mm sieve 
was dry-sieved, following BS1377-2 (1990). The German MBT sample was received in an oven-
dried state, so it was not possible to determine the ‘natural’ moisture content.  
Each size fraction from each MBT sample, except for the finest (<5 mm), was then sorted 
manually into the following material categories: flexible plastics, stiff plastics, textiles, glass, 
ceramics, stones, metals, paper, wood, bones, rubber, and unidentified >5 mm. All material <5 
mm was placed in the ‘unidentified <5 mm’ category. Over 50% of the material (by mass) was 
placed in the ‘unidentified’ categories for both MBT wastes.  
As there is no standard procedure for determining the particle size distribution (PSD) of wastes, 
the methods given in BS1377-2 (1990) for soils were adapted.  
Two separate 5 kg sub-samples, obtained by quartering, were taken from the UK MBT residue 
and analysed following the BS1377-2 (1990) wet and dry sieving methods, having been oven 
dried at 70°C prior to sieving. The same procedure was repeated with the German MBT waste 
using a single 5 kg sub-sample which was consecutively dry then wet sieved. 
In addition to the particle size and material type, the particle shape will influence the bulk 
mechanical and flow behaviour of the material. Following Kölsch (1995) and Dixon & Langer 
(2006), four categories of particle shape may be identified, categorised according to their relative 
dimensions or aspect ratio. These are:  
● Grains (characterised by Kölsch (1995) as having zero dimensions, D0). Each dimension is 
less than a certain minimum significant length.  In an MBT, these particles form a “matrix” 
into which the other particles may be considered to be embedded potentially modify its 
behaviour.  
● Fibres, sticks or strings (one-dimensional, D1). One dimension is long relative to the typical 
dimension and the other two are smaller. These particles may act as reinforcing elements, 
potentially enhancing the shear strength of the matrix material. 
● Sheets or foils (two-dimensional, D2). These particles are flat, with two long dimensions and 
one short. They may act as reinforcing elements in terms of their effect on strength, or as 
elements that divert or impede fluid flow, depending on the material of which they are made. 
Impermeable materials such as plastics and metals will tend to divert flow across their area 
completely, whereas more permeable materials such as textiles and perhaps paper and card 
may impede rather than divert flow. 
● Bulky (three-dimensional, 3D). These particles are rotund, with all three dimensions greater 
than the minimum significant value. They were considered to be neutral to the fluid flow. 
 
The minimum length needed for a 1D or 2D particle to be considered as a reinforcing element is 
worthy of some consideration. Dixon & Langer (2006) suggested that to act as a reinforcing 
element, a 1D or 2D particle must exceed the nominal diameter of the particles around it (i.e., of 
the particles in the matrix). For fibre-reinforced soils, Michalowski and Zhao (1996) suggest that 
the length of reinforcing components must be at least an order of magnitude larger than the 
diameter (D50) of the surrounding grains, but this seems excessive. In the context of a fibre 
reinforced composite, Ashby and Jones (1986) show that a certain minimum length of fibre, 
related to its tensile strength, is needed to develop a significant tension. A reinforcing element 
has been taken in this paper as one longer than three times the typical particle size in the 
surrounding matrix.  
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4. RESULTS  
The obtained results and analyses will be presented during the workshop. 
5. CONCLUSIONS AND FUTURE WORK  
Mechanical biological treatment of municipal solid waste reduces the particle size and eliminates 
certain components, particularly large and crushable elements. Nearly 30% of the analysed MBT 
residues were too small to indentify the parent material. Nevertheless, it was possible to 
distinguish visually the material type and the dimensionality (shape) of the larger particles, and 
to make at least a preliminary assessment of whether these could act as reinforcing elements - 
fibre, strings or sheets (1D and 2D), increasing the shear strength of the material - or  elements 
that divert or impede flow - sheets (2D). Particles made from impermeable materials such as 
plastic and metal will divert flow, while particles made from less impermeable materials such as 
textiles and perhaps paper or card may merely impede it. The 0D particles were considered to 
form a matrix into which the other particles were embedded - for both MBT wastes this was the 
material passing a 5 mm sieve. The minimum size of 1D and 2D reinforcing and 
diverting/impeding particles has been taken as 5 times D50, matrix i.e. 5 mm (D50, matrix ~ 1 
mm). The large, 3D particles were considered to be neutral in terms of their effect on shear 
strength and flow paths, although this also requires further investigation. 
These observations have been used to develop a simplified version of Dixon and Langer’s (2006) 
classification system, relating particle shape to mechanical properties of the waste. The 
simplified classification is suited to MBT, and does not need to consider the material removed 
from raw MSW during processing. For the UK MBT, the neutral (large, 3D) particles made up 
43.2% of the sample by dry mass; potentially diverting (2D) components comprised 22.7% of 
the sample, 26.5% could be potentially reinforcing elements and matrix material comprised 
29.1%. In the German MBT the distribution between these categories was very similar: neutral 
particles made up 46.9% of the sample, followed by the matrix material (27.0%), potentially 
reinforcing elements (25.3%) and the potentially diverting components (22.7%).  
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1. Abstract 
The EU Landfill Directive (EC, 1999) requires, amongst other things, that waste is treated 
to reduce its biodegradability prior to disposal to landfill. A range of processes known 
generically as Mechanical-Biological Treatment or MBT have become popular throughout 
Europe to enable compliance with this requirement. MBT normally involves sorting to 
remove recyclable and, in some cases, combustible materials; mechanical particle size 
reduction (e.g. by shredding and screening) and partial biodegradation, which may 
achieved through either aerobic or anaerobic processes.  
While an MBT process may fulfil the letter of the Landfill Directive, the real benefits are 
less clear: after disposal, the MBT residue may continue to give off methane, but not at a 
sufficient rate to make it economically worthwhile to capture and use for electricity 
generation. The removal of large reinforcing elements may alter the bulk mechanical 
properties, perhaps reducing landfill stability. The effect of processing on the permeability 
of the waste is also uncertain.  
An indication of the changes in the biodegradability and the mechanical and flow 
properties of waste resulting from mechanical biological treatment might be obtained from 
a detailed characterisation of the constituents of the MBT residue, including particle size, 
material type and shape. Previously, a number of classification systems for municipal solid 
wastes (MSW) have been proposed by other researchers but currently there is no system 
that links the mechanical and flow properties of wastes with their structure - the 
combination of the geometry and interconnectivity between the pores.  
This paper develops a characterisation process for MBT wastes from Europe, presents 
the results and proposes a classification system from which the mechanical and flow 
behaviour may be assessed. 
2. Introduction 
The EU Landfill Directive (EC, 1999) requires, amongst other things, that waste is treated 
to reduce its biodegradability prior to disposal to landfill.  A range of processes known 
generically as Mechanical-Biological Treatment or MBT have become popular throughout 
Europe to enable compliance with this requirement. MBT normally involves sorting to 
remove recyclable and, in some cases, combustible materials; mechanical particle size 
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reduction (e.g. by shredding and screening) and partial biodegradation, which may be 
achieved through either aerobic or anaerobic processes. 
While an MBT process may fulfil the letter of the Landfill Directive, the real benefits are 
less clear. In many cases, the quality of the outputs is too low for any utilisation or 
disposal route other than landfill (Archer et al., 2005). After disposal, the MBT residue may 
continue to give off methane, but not at a sufficient rate to make it economically 
worthwhile to capture and use for electricity generation (Siddiqui et al., 2009). Thus the 
widespread adoption of MBT could exacerbate the problem of fugitive emissions of 
greenhouse gases from landfills, which the EU Landfill Directive was enacted to address. 
A further potential concern is that the removal of large reinforcing elements from the waste 
during mechanical processing will alter its geotechnical properties, perhaps reducing 
landfill stability (Fernando et al., 2009). The effect of processing on the permeability of the 
waste is also uncertain. 
An indication of the changes in the biodegradability and the mechanical and flow 
properties of waste resulting from mechanical biological treatment might be obtained from 
a detailed characterisation of the constituents of the MBT residue, including the particle 
size, shape and material type. This paper describes the characterisation of MBT wastes 
from UK and Germany, presents the results, proposes a simplified classification for these 
materials and discusses the implications of the characterisation for the geotechnical and 
flow behaviour. 
3. Choice of characterisation/classification system  
Classification systems for municipal solid wastes (MSW) have been proposed by a 
number of authors; however, they often focus on different attributes and generally relate to 
different types of waste.  There is currently no system that links the mechanical and flow 
properties of waste with the structure, i.e. the combination of the geometry and 
interconnectivity between the pores.  
Siegel et al. (1990) proposed a simple classification system based on material type. They 
distinguished metal, wood, soil, paper, glass, rock and brick, rubber and plastic and 
miscellaneous categories and reported the minimum and maximum percentages of each. 
They placed about 95% of their sample by wet mass in the soil group.  
Landva & Clark (1990) placed the emphasis on degradability and rate of degradation, 
which could cause geotechnical properties to vary with time. They distinguished between 
the following classes of materials:  
• Organic putrescible (OP) – food, garden, animal wastes and materials contaminated 
by them; 
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• Organic non-putrescible (ON) – paper, wood, textiles, leather, plastic, rubber, paint, 
oil, grease, chemicals, organic sludge;  
• Inorganic degradable (ID) – metals (corrodible to varying degrees); and  
• Inorganic non-degradable (IN) – glass, ceramics, mineral soil, rubble, tailings, slimes, 
ash, concrete, masonry (construction debris).  
They also pointed out that the last three categories (ON, ID and IN) would contain void 
forming materials which could affect the geotechnical behaviour of the fill, and categorised 
these as hollow containers (e.g. boxes, cans and bottles); platy or elongated items (e.g. 
beams, sheets and plates); and bulky items (e.g. furniture, appliances and vehicle 
bodies).  
Grisolia et al. (1995) developed the classification proposed by Landva & Clark (1990) to 
focus on the way in which each class of material would affect the settlement and strength 
behaviour of a landfill.  They adopted three broad categories:  
• Class A – inert, stable elements that are unlikely to deform or degrade: soils, metals, 
glass, ceramics, construction & demolition waste, ash and wood;  
• Class B – highly deformable elements which undergo a large initial settlement due to 
substantial modification of the initial shape; paper, cardboard, textiles, leather, 
plastics, rubber, nappies and tyres. Some of these materials may exhibit creep; 
• Class C – readily biodegradable elements causing volume loss and gas and leachate 
production; food waste, garden waste, animal waste and undersieve (particles passing 
a 20 mm sieve).  
Kölsch (1995) carried out tensile strength tests on a variety of wastes, showing that sheet-
like materials acted to reinforce the waste mass. He classified materials in two ways:  
• By particle size and material groups as follows:  
 ≥ 40 mm – characterised by material groups  – paper  and cardboard, smooth 
synthetics (e.g. foils, rubber, leather and textiles), hard synthetics (e.g. plastics and 
hard leather), metals, minerals (e.g. glass, ceramics and soil), wood and organics 
(e.g. bio-waste, grass and leaves);  
 8-40 mm; 
 <8 mm. 
• By particle dimension:  
 Dimension 0 (0D) – grains;  
 Dimension 1 (1D) – fibres;  
 Dimension 2 (2D) – foils and sheets;  
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 Dimension 3 (3D) – boxes. 
0D and 3D were differentiated by their size, with 0D being less than 40 mm and 3D 
greater than 40 mm.   
Dixon & Langer (2006) proposed a comprehensive classification system, drawing on all of 
the previous work summarised above, in an attempt to create a universal system that 
would facilitate the estimation of both compressibility and shear strength.  
Dixon & Langer (2006) stated that to classify waste, the following information is required: 
• “A distinction....between the material groups (i.e. based on typical component material 
properties) with dominant groupings established and information…on the proportion 
(e.g., by weight) of different size components of each material group. 
• Knowledge of component shape,…to distinguish between soil-like (three dimensional, 
e.g., granular) and non-soil-like (two dimensional, e.g., sheet) components. This 
allows classification of components in relation to their potential for influencing 
mechanical behaviour of the waste mass (e.g. compressibility, shear and tensile 
strength). 
• Grading by size…for each group of components. 
• An assessment of component compressibility and hence the potential for components 
to change shape during placement and/or burial. 
• An assessment of degradation potential for both organic and inorganic components.” 
They selected material groups primarily on the basis of the mechanical properties of shear 
strength, tensile strength, elongation at breakage, compressive strength, and modulus of 
elasticity. Their material groupings are very similar to those of Grisolia et al. (1995) and 
Kölsch (1995) comprising organics, paper, wood, polymer/plastics, metals (ferrous/non-
ferrous), soil-like, ceramics, glass, inerts and rubber.  
Dixon and Langer (2006) modified Kölsch’s classification for their shape-related 
subdivision of components, as follows: 
• Reinforcing components, one- and two-dimensional (e.g. plastic bags, sheets of 
paper, fibres, strings etc.)  The definition of a reinforcing component depends on its 
size relative to the surrounding particles (matrix).   
• Three-dimensional components 
 Compressible components; high compressibility (e.g. putrescibles, plastic 
packaging) and low compressibility (e.g. drinks cans) with the threshold between 
high and low compressibility not yet established. 
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 Incompressible components (e.g. bricks, pieces of metal) 
Waste material was sorted by grading, with grading bands (following Kölsch, 1995) of: <8 
mm; 8-40 mm; 40-120 mm; 120-500 mm; 500-1000 mm; and >1000 mm. 
Characterisation of an MBT residue should be more straightforward than characterisation 
of a raw MSW for two reasons. First, the mechanical treatment should reduce 
substantially the range of particle sizes in the waste. Secondly, the elimination of 
breakable or crushable items such as bottles and cans made from incompressible 
materials such as stiff plastics, glass and metals should give a better correlation between 
particle material type and shape and its contribution to the overall mechanical behaviour 
of the waste. 
4. Materials and methods 
3.1. Materials 
Two different types of wastes were analysed to help develop a suitable classification 
system. These were as follows:  
1) MBT waste from Southern England (UK MBT) 
A sample of approximately 500 kg of processed waste was recovered from a mechanical-
biological treatment facility in Southern England. During the mechanical stage some of the 
bulky recyclable materials had been removed. The remaining waste was shredded and 
screened and the ferrous metals recovered. After that the waste residue was degraded in 
forced aerated windrows with regular wetting and turning in an enclosed hall for 6 weeks 
before being matured outside for a further four weeks. The waste was then screened 
again, after which the dry recyclables were removed.  
The maximum particle size of the material was about 20 mm.  
2) MBT waste from Northern Germany (German MBT) 
A 120 kg sample was obtained from an MBT facility situated near Hannover, Germany. 
The main difference between the UK and German treatment processes was in the 
biological stage in which the German waste was treated anaerobically and then 
aerobically while the UK MBT underwent aerobic degradation only.  
The maximum particle size of the material was about 60 mm.  
3.2. Method 
Representative sub-samples (~25 kg) of each MBT waste were obtained by quartering 
and sieved by gentle mechanical shaking through a stack of aggregate sieves into five 
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different size fractions: >20 mm, 20-12 mm, 12-7 mm, 7-5 mm and <5 mm. The UK MBT 
was sieved at the as-received water content (27.3%) and the moisture content of each 
fraction was determined by oven-drying at 70ºC (Velkushanova, 2009). About 1 kg of the 
material passing the 5 mm sieve was dry-sieved, following BS1377-2 (1990). The German 
MBT sample was received in an oven-dried state, so it was not possible to determine the 
‘natural’ moisture content. The particle size distribution curves for both MBT samples are 
given in Figure 1.  
Each size fraction from each MBT sample, except for the finest (<5 mm), was then sorted 
manually into the following material categories: flexible plastics, stiff plastics, textiles, 
glass, ceramics, stones, metals, paper, wood, bones, rubber, and unidentified >5 mm. All 
material <5 mm was placed in the ‘unidentified <5 mm’ category. 
The categories distinguished are similar to those suggested by some authors (e.g. Dixon 
& Langer, 2006) but differ from the groups described by others (e.g. Landva & Clark, 
1990; Grisolia et al., 1995 and Kölsch, 1995). They were selected partly because of the 
need for categories to be amenable to identification by visual inspection, although the 
smaller particle size of MBT waste makes this more difficult than for raw MSW. This is 
evident by the fact that over 50% of the material (by mass) was placed in the ‘unidentified’ 
categories for both the UK and the German MBT wastes.  
As there is no standard procedure for determining the particle size distribution (PSD) of 
wastes, the methods given in BS1377-2 (1990) for soils were adapted.  
Two separate 5 kg sub-samples, obtained by quartering, were taken from the UK MBT 
residue and analysed following the BS1377-2 (1990) wet and dry sieving methods, having 
been oven dried at 70°C prior to sieving. The same procedure was repeated with the 
German MBT waste using a single 5 kg sub-sample which was consecutively dry then wet 
sieved. 
5. Results  
4.1. Particle size distribution (PSD) 
The differences between the PSD curves in Figure 1 are not significant, although a 
distinction is apparent in the larger size fractions because of the larger maximum particle 
size of the German MBT waste. It should be recalled that the UK MBT 25 kg sample was 
sieved at the as-received moisture content while the German MBT sample was delivered 
oven-dried.  The PSD curves of the materials < 5 mm are based on the results from 1 kg 
representative sub-samples of each, following BS1377-2 (1990). Particle size data for the 
materials > 5 mm were not obtained following any standard procedure, but by the use of 
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large aggregate sieves: this was the most efficient way of sorting the 25 kg MBT samples 
into a small number of different size ranges which were then further characterised by 
material type and shape.  
 
Figure 1:  A comparison of PSDs of German and UK MBT wastes. The curves below 
5 mm are based on sieving of 1 kg sub-samples to BS1377-2:1990, while those 
above 5 mm are based on sieving 25 kg samples in a set of five non-standard 
aggregate sieves.  
Further PSD analyses were carried out in compliance with BS1377-2 (1990), using the 
representative 5 kg samples from both MBT wastes and the results are compared in 
Figure 2. Inspection of Figure 2 indicates that there are no significant differences between 
the results obtained from the dry and the wet sieving methods, suggesting that either 
method could be used for future analyses.  
Comparing figures 1 and 2, it can be seen that: 
• In both cases, the German waste contained less fine material than the UK waste, 
which could be a result of the different biological treatments. 
• The PSD curves in Figure 2 are different from those in Figure 1. This could be a 
result of possible agglomeration of particles in the first UK MBT sample as it was 
sieved at the as-received moisture content, while the second sample sieved 
according to BS1377-2 (1990) was oven dried prior to sieving. 
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Figure 2: Comparison between wet and dry sieving following BS1377-2 (1990) for 
the German and UK MBT wastes (5 kg samples) 
Waste material categories  
The composition of each waste by material type (expressed as a percentage of the total 
dry mass) is given in Figure 3 and Figure 4.  As has already been mentioned a large 
amount of material was placed in the ‘unidentified’ categories which accounted for 58.0% 
(by mass) of the UK MBT and 53.8% of the German MBT. The ‘unidentified <5 mm’ 
category is made up of all the waste passing the 5 mm sieve,  as it was not possible to 
identify the material type of particles with this size. The ‘unidentified >5 mm’ category 
consists of particles greater than 5 mm whose material could not be identified, usually 
because they were encased in soil-like material which was impossible to remove without 
breaking the particle (Figure 7). Glass (22.8% in the UK and 24.3% in the German MBT) 
was the second most prevalent material. Rigid and flexible plastics together accounted for 
about 10% of each MBT sample. For the UK MBT, percentages by total volume of solids 
were calculated using measured particle densities for the different materials and the 
material distributions by both mass and volume are given in Figure 3. The same densities 
were used for calculating the material distribution by volume in the German MBT (Figure 
4). Owing to their low density, plastics form a smaller percentage of the whole by mass, 
than by volume. 
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Figure 3:  Composition of the UK MBT waste sample by material type 
 
Figure 4:  Composition of German MBT waste sample by material type 
The distribution of each material type within each particle size range is shown graphically 
in Figures 5 and 6.  
Photographs of typical individual material types and sizes are given in Figures 7 - 9.  
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Figure 5: Distribution by material type and particle size for the UK MBT 
 
 
Figure 6. Distribution by material type and particle size for the German MBT 
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Figure 7. Unidentified >5 mm fractions: a. German MBT 20-12 mm; b. UK MBT 20-12 
mm; c. German MBT 12-7 mm; d.  UK MBT 12-7 mm; e. German MBT 7-5 mm; and 
Unidentified <5mm fraction: f. German MBT. 
4.3. Particle shape  
In addition to the particle size and material type, the particle shape will influence the bulk 
mechanical behaviour and the formation of voids in the material. Following Kölsch (1995), 
four particle shape categories were identified for the both wastes:   
c. d. 
e. f. 
a. b. 
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• Grains (characterised by Kölsch, 1995 as having zero dimensions, 0D). Each 
dimension is less than a certain minimum significant length.  In an MBT, these particles 
may form a “matrix” into which the other particles may be considered to be embedded, 
potentially changing its behaviour. Kölsch (1995) chose the minimum significant 
dimension (such that particles smaller than this are considered as 0D) as 8 mm for a raw 
MSW. For the MBT waste samples in this study, the minimum significant dimension was 
taken as 5 mm so that particles <5 mm were classified as 0D.  
• Fibres, sticks or strings (one-dimensional, 1D). One dimension is long relative to the 
typical particle dimension. These particles may act as reinforcing components, potentially 
enhancing the shear strength of the matrix material. 
• Sheets or foils (two-dimensional, 2D). These particles are flat, with two long 
dimensions and one short. They may act as reinforcing elements in terms of their effect on 
strength, or as elements that divert or impede the fluid flow, depending on the material 
from which they are formed. Impermeable materials such as plastics and metals will tend 
to divert flow across their area, whereas more permeable materials such as textiles and 
perhaps paper and card may impede rather than divert the flow. 
• Bulky (three-dimensional, 3D). These particles are rotund, with all three dimensions 
greater than the minimum significant value.  They may act to impede fluid flow, or they 
may enable preferential flow, depending on the material from which they are made, their 
size relative to the matrix, their shape and their packing geometry (Bouwer & Rice, 1984).  
The minimum length needed for a 1D or 2D particle to be considered as a reinforcing 
element is worthy of some consideration. Dixon & Langer (2006) suggested that to act as 
a reinforcing element, a 1D or 2D particle must exceed the nominal diameter of the 
particles around it (i.e., of the particles in the matrix) but this is a less onerous criterion 
than that suggested by some other authors (e.g. Michalowski & Zhao, 1996). Further 
research to define the minimum significant length of particles to act as reinforcing is 
needed but in this paper a reinforcing element has been taken as one longer than five 
times the typical particle size (D50, matrix) in the surrounding matrix, i.e. ≥5 × D50, matrix. As 
D50, matrix = 1 mm, the minimum significant length is 5 mm for this waste. 
The distribution of one-dimensional (1D), two-dimensional (2D) and three-dimensional 
(3D) shapes varies within the different material groups. For flexible plastics, the dominant 
shape is 2D and there are no 3D particles present. For glass, there are no 1D particles. 
Some of these categories are illustrated by images in Figures 8 and 9. 
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Figure 8: Material and shape categories of the UK MBT waste after sorting: a.Stiff 
plastics 12-20 mm; b. Stiff plastics 12-20 mm - 3D, 1D and 2D; c. Flexible plastics 
12-20 mm; and Flexible plastics 12-20 mm - 1D and 2D 
3D 1D 2D 
1D 2D 
3D 
2D 
1D 
a. b. 
c. d. 
a. b. 
c. 
1D 
2D 
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Figure 9: Material and shape categories of the German MBT: a. Total glass; b. Glass 
>20 mm - 3D; c. Glass >20 mm - 2D; d. Total textiles >20 mm; e. Textiles >20 mm - 
1D; and f. Textiles >20 mm - 2D. 
Tables 1 and 2 summarize the distributions of particles according to their dimensionality 
within the two plastic categories (stiff and flexible). Percentages were calculated as a 
proportion of the total sample dry mass. The majority of particles within both plastic 
categories are 2D. The dominant dimensions of particles made of other materials are 
given in Tables 3 and 4.  Blank fields indicate that no particles of that material type and 
size range were present.  
Table 1: Stiff plastics - mass distribution (by percentage of total dry mass) of 
particles by dimensionality 
(a) UK MBT  
Size, mm 0D 1D 2D 3D Total 
> 20  trace trace 0.1% 0.1% 
20-12  0.4% 1.5% 0.8% 2.7% 
12-7  0.5% 1.7% 0.4% 2.6% 
7-5  trace 0.6% 0.1% 0.7% 
< 5      
Total  0.9% 3.8% 1.4% 6.1% 
 
(b) German MBT  
Size, mm 0D 1D 2D 3D Total 
> 20  0.3% 1.1% 1.8% 3.2% 
20-12  0.4% 0.7% 0.1% 1.2% 
12-7  0.1% 0.5% 0.3% 0.9% 
7-5  0.1% 0.4% 0.1% 0.6% 
< 5      
Total  0.9% 2.7% 2.3% 5.9% 
 
Table 2: Flexible plastic - mass distribution (by percentage of total dry mass) of 
particles by dimensionality 
d. e. 
f. 
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(a) UK MBT 
Size, mm 0D 1D 2D 3D Total 
> 20   0.1%  0.1% 
20-12  0.1% 2.7%  2.8% 
12-7  trace 1.2%  1.2% 
7-5  trace 0.4%  0.4% 
<5      
Total  0.1% 4.4%  4.5% 
 
(b) German MBT 
Size, mm 0D 1D 2D 3D Total 
> 20  0.4% 1.0%  1.4% 
20-12  trace 0.3%  0.3% 
12-7  0.1% 0.3%  0.4% 
7-5  0.2% 0.1%  0.3% 
<5      
Total  0.7% 1.7%  2.4% 
Table 3: Categorisation by the dominant dimensions of the materials in the UK MBT 
sample 
Components >20 mm 20-12 mm 12-7 mm 7-5 mm <5 mm 
Flexible Plastic 2D 2D 2D 2D  
Stiff Plastic 3D 2D 2D 2D  
Textiles 1D/2D 1D/2D 1D/2D 1D/2D  
Glass 2D 2D 2D 2D  
Ceramics  3D 3D   
Stones  3D 3D 3D  
Metals 2D 2D 2D 2D  
Paper 2D 2D 2D 2D  
Wood  1D 1D 1D  
Bones  3D 3D 3D  
Rubber  3D 3D 3D  
Unidentified <5 mm     OD 
Unidentified >5 mm 3D 3D 3D 3D  
Table 4: Categorisation by the dominant dimensions of the materials in the German 
MBT sample 
Components >20 mm 20-12 mm 12-7 mm 7-5 mm <5 mm 
Flexible Plastic 2D 2D 2D 1D  
Stiff Plastic 3D 2D 2D 2D  
Textiles 2D 1D 1D 1D/2D  
Glass 2D 2D 2D 2D  
Ceramics 3D 3D 3D 3D  
Stones 3D 3D 3D 3D  
Metals 2D 2D 2D 2D  
Paper 2D 2D 2D 2D  
Wood 3D 1D 1D 1D  
Bones 3D 3D 3D 3D  
Rubber  3D 3D 3D  
Unidentified <5 mm     OD 
Unidentified >5 mm 3D 3D 3D 3D  
6. Discussion 
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5.1. Mechanical Behaviour 
The MBT wastes described in this paper are simpler than raw MSW and might be viewed 
as a matrix of smaller particles (‘unidentified <5mm’) with reinforcing (1D and 2D), flow-
diverting and impeding (2D) and larger (3D) elements embedded. The PSD curves for the 
matrix materials indicate D50, matrix is in the order of 1 mm (Figure 10).  
 
Figure 10: PSD of the matrix materials (unidentified < 5 mm) within the UK and the 
German MBT 
Only 1D and 2D particles are considered as potentially reinforcing; thus 3D particles of 
materials such as glass, ceramics and stones are excluded from this category. In the UK 
MBT, crushable particles are absent, having been eliminated by the processing of the 
waste. As a result of the larger maximum particle size of the German MBT, a small 
quantity of crushable particles (e.g. small plastic and glass bottles) were present in the 
size fraction >20 mm. Some of the matrix particles may be compressible and others not, 
but given that the matrix is composed of fine particles whose material cannot be 
distinguished, it has not been considered feasible to attempt to subdivide the matrix 
material into compressible and incompressible components. Dixon & Langer (2006) 
assumed that half of the fine particles were compressible and half were not.  
The potentially reinforcing elements were categorised as either “stiff” (metals and hard 
plastics) or “flexible” (flexible plastics, textiles, paper and card); Tables 5 and 6. 
5.2. Flow behaviour 
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In addition to their reinforcing effect, 2D particles embedded within the waste can have an 
impact on flow behaviour as they have the potential to change the structure of the pores 
and the length of flow paths, defined in terms of the tortuosity by Carman (1997) as the 
ratio between the actual fluid flow path and the depth of the fluid penetration in the 
material.  The magnitude of the effect on the flow behaviour depends on the relative size, 
orientation, content and material composition of the 2D particles, as indicated in Figure 
11. 
 
Figure 11: Effect of 2D permeable and impermeable materials on flow (developed 
from Xie et al., 2006). 
 
Xie et al. (2006) investigated the effect of 2D particles (plastic pieces) on the hydraulic 
conductivity of clay and found that the larger the sheets and the greater their number, the 
lower the bulk hydraulic conductivity.  Reductions of up to 70% of the original permeability 
were observed with the addition of 0.1% by mass of 2D particles.  
Accordingly, it may be argued that in solid waste, 2D particles of impermeable materials, 
e.g. plastics, have the potential to “divert” fluid flow and, by extending the flow path 
lengths, increase the tortuosity. 2D particles of permeable materials, e.g. paper and 
textiles, have the potential to impede fluid flow as a result of some flow being conducted 
through the permeable elements (Caicedo et al., 2010).  
Thus the MBT materials described in this paper can be viewed in terms of flow 
characteristics as 2-D diverting or impeding (typical particle size > 5 mm) in a matrix of 
fines (D50, matrix ~ 1 mm). 2D particles in landfilled waste are expected to be preferentially 
oriented horizontally as a result of the placement method. This was shown in field 
excavations Rees-White (2004) and by inspection of consolidated and degraded 
laboratory samples of municipal solid waste (Caicedo et al., 2010).   
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The effect of large, bulky (3D) particles which can be considered as large lumps within the 
general matrix structure is uncertain. It is likely to depend on their shape and internal 
porosity and the resulting bulk permeability may be greater or less than that of the matrix. 
Bouwer & Rice (1984) studied the permeability of sand and gravel mixtures and found that 
the permeability relative to that of sand alone was controlled by the void ratio of the 
mixture; specifically, if the void ratio of the mixture was the same as that of sand alone, 
the permeabilities were also the same.  Particles of a given material and size are 
classified in terms of their impact on fluid flow in Tables 5 and 6, which give the 
distribution in each category as a proportion of the total dry mass. 
Table 5:  Material category, size distribution and shape (by % of total dry mass) and 
their potential impact on reinforcement and fluid flow - UK MBT waste 
 
Size (mm) 
Behaviour Components  
 
Dim >20 12-
20 
7-12 5-7 <5 Total 
 
Total 
Stiff Plastic  3D 0.1 0.8 0.4 0.1  1.4 
Glass  3D trace 2.3 4.2 2.0  8.5 
Ceramics  3D  1.1 1.2   2.3 
Stones  3D  0.8 0.8 0.1  1.7 
Rubber  3D  0.1 0.1 trace  0.2 
Unidentified 
>5 mm 
 3D 0.4 8.0 8.8 11.7  28.9 
Neutral 
Bones  3D  0.1 0.1   0.2 
43.2 
Flex. Plastic Flexible 2D 0.1 2.7 1.2 0.4  4.4 
Stiff Plastic Stiff 2D trace 1.5 1.7 0.6  3.8 
Metals Stiff 2D  0.1 0.1 trace  0.2 
 
Diverting & 
reinforcing 
 Glass Stiff 2D  5.4 7.8 1.1  14.3 
22.7 
Textiles Flexible 1D 0.1 0.9 0.2 0.1  1.3 
Stiff Plastic Stiff 1D trace 0.4 0.5 trace  0.9 
Flex. Plastic Flexible 1D  0.1 trace trace  0.1 
Neutral & 
Reinforcing 
Wood Stiff 1D  0.5 0.7 0.3  1.5 
3.8 
Paper Flexible 2D trace 0.2 0.2 trace  0.4 Impeding & 
reinforcing Textiles Flexible 2D  0.1 0.1 trace  0.2 0.6 
Matrix Unidentified 
<5 mm 
 0D     29.1 29.1 29.1 
Total, %    0.7 25.1 28.1 16.4 29.1 99.4 99.4 
 
 
Table 6: Material category, size distribution and shape (by % of total dry mass) and 
their potential impact on reinforcement and fluid flow - German MBT waste 
 
Size (mm) 
Behaviour Components  
 
Dim >20 12-
20 
7-12 5-7 <5 Total 
 
Total 
Stiff Plastic  3D 1.8 0.1 0.3 0.1  2.3 
Glass  3D 1.7 2.3 3.0 1.3  8.3 
Ceramics  3D 2.2 1.3 0.6 0.1  4.2 
Stones  3D 2.6 0.1 0.3 0.2  3.2 
Rubber  3D 0.1 0.1 trace trace  0.2 
Unidentified 
>5 mm 
 3D 6.9 5.3 6.5 8.1  26.8 
Textiles  3D trace     trace 
Bones  3D 0.2 trace 0.1 0.1  0.4 
Neutral 
Wood  3D 1.1 0.2 0.1 0.1  1.5 
46.9 
Flex. Plastic Flexible 2D 1.0 0.3 0.3 0.1  1.7  
Diverting & Stiff Plastic Stiff 2D 1.1 0.7 0.5 0.4  2.7 
22.7 
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Metals Stiff 2D 1.1 0.2 0.1 0.1  1.5 
Wood Stiff 2D 0.1 0.2 0.2 0.3  0.8 
reinforcing 
 
Glass Stiff 2D 2.6 5.4 5.5 2.5  16.0 
Textiles Flexible 1D trace trace trace trace  trace 
Stiff Plastic Stiff 1D 0.3 0.4 0.1 0.1  0.9 
Flex. Plastic Flexible 1D 0.4 trace 0.1 0.2  0.7 
Neutral & 
Reinforcing 
Wood Stiff 1D 0.1 0.3 0.3 0.3  1.0 
2.6 
Paper Flexible 2D 0.1 trace trace trace  0.1 Impeding & 
reinforcing Textiles Flexible 2D 0.4 trace trace trace  0.4 0.5 
Matrix Unidentified 
<5 mm 
 0D     27.0 27.0 27.0 
Total, %    23.8 16.9 18.0 14.0 27.0 99.7 99.7 
 
 
Cumulative PSD curves for UK and German MBT, indicating the distribution by particle 
size of matrix material, potentially reinforcing elements and potentially flow diverting or 
impeding elements is presented in Figures 12 and 13. This is in essence a simplification 
of Dixon and Langer’s (2006) categorisation scheme, in which the types of component 
that processing has removed from MBT waste have been eliminated. The distinction 
between compressible and incompressible particles has for the time being been 
neglected, as the basis for it is at present uncertain.  
 
Figure 12: PSD of UK MBT components showing matrix, reinforcing, and flow 
diverting/impeding particles 
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Figure 13: PSD of German MBT components showing matrix, reinforcing, and flow 
diverting/impeding particles 
7. Conclusions and future work  
Mechanical biological treatment of municipal solid waste reduces the particle size and 
eliminates certain components, particularly large and crushable elements from the waste. 
Nearly 30% of analysed MBT residues was too small to be able to indentify the parent 
material.  However, it was possible to distinguish visually the material and the 
dimensionality (shape) of the larger particles, and to make at least a preliminary 
assessment of whether these could act as reinforcing elements - fibre, strings or sheets 
(1D and 2D), increasing the shear strength of the material - or  elements that divert or 
impede flow - sheets (2D). Particles made from impermeable materials such as plastic 
and metal will divert flow, while particles made from less impermeable materials such as 
textiles and perhaps paper or card may merely impede it. The 0D particles were 
considered to form a matrix into which the other particles were embedded - for both MBT 
wastes this was the material passing a 5 mm sieve. The minimum size of 1D and 2D 
reinforcing and diverting/impeding particles requires further investigation, but in this paper 
it has been taken as 5 times D50, matrix i.e. 5 mm as D50, matrix ~ 1 mm. The large, 3D particles 
were considered to be neutral in terms of their effect on shear strength and flow paths, 
although this also requires further investigation. 
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These observations have been used to develop a simplified version of Dixon and Langer’s 
(2006) classification system, given in Tables 5 and 6 and illustrated in Figure 12 and 
Figure 13, relating particle shape to mechanical properties of the waste. The simplified 
classification is suited to MBT, and does not need to consider the material removed from 
raw MSW during processing. For the UK MBT, the neutral (large, 3D) particles made up 
43.2% of the sample by dry mass; potentially diverting (2D) components comprised 22.7% 
of the sample, 26.5% could be potentially reinforcing elements and matrix material 
comprised 29.1%. In the German MBT the distribution between these categories was very 
similar: neutral particles made up 46.9% of the sample, followed by the matrix material 
(27.0%), potentially reinforcing elements (25.3%) and the potentially diverting components 
(22.7%).  
Criteria for distinguishing between compressible and incompressible particles require 
further research.   
 
REFERENCES: 
Archer, E., Baddeley, A., Klein, A., Schwager, J. & Whiting, K. (2005). Mechanical-
biological-treatment: a guide for decision makers processes, policies, markets. 
Uley, UK, Juniper Consultancy Services Ltd: p.650. 
Bouwer, H. & Rice, R. C. (1984). Hydraulic Properties of Stony Vadose Zonesa. Ground 
Water 22(6): p.696-705. 
BS (1377-2:1990). Methods of test for soils for civil engineering purposes - Part 2: 
Classification tests. London, BSi. 
Caicedo, D. M., Sandoval, J. J., Watson, G. V. R., Siddiqui, A. A., Richards, D. J. & 
Powrie, W. (2010). Exploring the use of a modified dye-adsorption method for a 
better understanding of landfilled waste structure in the context of post-closure 
management strategies in landfills. Global Waste Management Symposium 2010, 
JW Marriott San Antonio Hill Country Resort & Spa. 
Carman, P. C. (1997). Fluid flow through granular beds. Chemical Engineering Research 
and Design 75 (Supplement 1): p.S32-S48. Reprinted from Trans. Instn. Chem. 
Engrs, vol. 15, 1937.  
Dixon, N. & Langer, U. (2006). Development of a MSW classification system for the 
evaluation of mechanical properties. Waste Management, 26(3). p.220-232.  
EC (1999). Directive 1999/31/EC on the Landfill of Waste. Council of the European Union, 
Official Journal of the European Communities, L182, p.1-19. 
Fernando, S., Powrie, W., Watson, G. & Richards, D. (2009). The impact of the reinforcing 
content on the shear strength of mechanically-biologically treated waste. Third 
International Workshop “Hydro-Physico-Mechanics of Landfills” Braunschweig, 
Germany; 10 - 13 March 2009 
Grisolia, M., Napoleoni, Q. & Tancredi, G. (1995). Contribution to a technical classification 
of MSW: The use of triaxial tests for the mechanical characterization of MSW. In: 
T. H. Christensen, R. Cossu & R. Stegmann (Eds.) Proceedings Sardinia 1995, 
Fifth International Waste Management and Landfill Symposium, S. Margherita di 
Pula, Cagliari, Italy, CISA, Environmental Sanitary Engineering Centre, Italy, 
p.703-710. 
Kölsch, F. (1995). Material values for some mechanical properties of domestic waste. In: 
T. H. Christensen, R. Cossu & R. Stegmann (Eds.) Proceedings Sardinia 1995, 
Fifth International Waste Management and Landfill Symposium, S. Margherita di 
Pula, Cagliari, Italy, CISA, Environmental Sanitary Engineering Centre, Ital, p.711-
  22 
729. 
Landva, A. & Clark, J. (1990). Geotechnics of waste fills – theory and practice. In: A. 
Landva & Knowles (Eds.) Geotechnics of waste fills, ASTM STP1070, p.86-103. 
Michalowski, R. L. & Zhao, A. (1996). Failure of fiber-reinforced granular soils. Journal of 
Geotechnical Engineering 122(3): p.226-234. 
Rees-White, T. (2004). The examination of 3 leachate wells exhumed from a landfill. 
Waste 2004, Stratford upon Avon. 
Siddiqui, A. A., Richards, D. J. & Powrie, W. (2009). A preliminary analysis of 
mechanically biologically treated waste: biodegradation and settlement behaviour. 
In: R. Cossu, L. F. Diaz & R. Stegmann (Eds.) Proceedings Sardinia 2009, Twelfth 
International Waste Management and Landfill Symposium, S. Margherita di Pula, 
Cagliari, Italy, CISA, Environmental Sanitary Engineering Centre, Italy, p.1190. 
Siegel, R. A., Robertson, R. J. & Anderson, D. G. (1990). Geotechnics of waste fills - 
theory and practice. In: A. Landva & Knowles (Eds.) Geotechnics of waste fills, 
ASTM STP1070, p. 259-284. 
Xie, M., Aldenkortt, D., Wagner, J.-F. & Rettenberger, G. (2006). Effect of plastic 
fragments on hydraulic characteristics of pretreated municipal solid waste. Can. 
Geotech. J. 43(12): p.1333–1343  
 
